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Abstract

s

' o L . 187 189 191
The structures of the transitional nuclei Re, Fe and e

»

have been studied using the.(t,u) proton pickup recaction. Beams of 15

MeV unpolarized tritons and 17 MeV polarized tritons were produced by

the tandam Van de Graaff accelerator facility of the Los Alamos STiemed—,

~

fic iabcratory: The .regction products were analyzed in a Q3D magnetic

spectrometer and detected with a helical-cathode position-sensitive

*
.

proportional counter. The unpolarized (t,2) reaction on thin‘targeté_

of 188'1?O'L9205 produced ‘spectra with energy resolutions of 8-12 k eV

(FWHM) , from which level energies were accuiately detormined. Later,
when .the polarized-triton sourcc became operatiohal, the polarized
¥ .

(t,u) reaction on thicker osmium targets yielded angular.distriputicns
' \ .
\

df analyzing .powers and cross sections. Distorted-wavé calculations
were done to determine a set of optical model parameters which cou;d'

reproduce the experimental results for known levels iﬁ'l§7ﬁe: The

.

predictions of DWBA calculations were then used to.assign spins and

parities to othgr levels,-in 187Re, and to lévels'in 189Re andlelRe.~‘

B >t - . .
This is the first time the - {(t,q) rgactiou\gas been used to study deformed
. ’ . \ :
nuclei, and.its usecfulness for the purpose 935 been cléarly demonstra-

i
\

ted. The analyzing powers obtained werg_laﬁgém\and their angular -
. ) \ :
. - . o,
distributions were quite distinctive for differént valués of £ and j.
. . ‘\

N st

This is also the firsf_t;me level schemes have been assigned in the

lgg -~
nuclej Re and.lgl

v

Re. The results have been interpreted within the

framework of the Hilsson model, with corrections for pairing and

iii



Coriblis coupling included. The model has be.n found to provide a.

fairly éood explanation for most of the experimgntal results. Some

T o

aspects of the datd were better explained by includina.a hexadecaroie \

component in the nuclear dcformation. " The chadcczpole'doformation .

parhmeter which gave the best agreement with the experimental results :

was 2, = 0.06 i,O:Jl, which agrees well with theoretical predictions )

-
.

for nucledi in .this mass region.

v ' . &
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CHAPTER. 1 '

INTRODUCTION

In general, there are two'ways in which scientific progress is

made {excluding fortuitous accidents). One is the origination of new

-

theories which can account for existing data and predict new phenomena.

~
:

The other is the development of new technologies which make possible
ki : - . .
the acquisition of previously inaccessible information. The theoretical

background of the study reported in this thesis is not new; much‘qf

it was‘ﬁ}rst introduced twenty years ago. Although many experiménts

. of different types have sinceWeen done to ‘test. the predictions of the-

theory, a large amount of datg has remained. inaccessible. Very regently,

st .

technq}ogical innovation has provided.a very powerful meéﬁs of study-
ing proton states below the Fermi surface in heavy deformed nuclei. The

egpeflments reporﬁed,heré are the .first to usé this new technology in

* -

the rare-earth region. .

In the past two or three decades, many improvements have been

.
. -

made to particle accelerators. . Thgif anergy capabilitiéé have steadily

-

\

increased and the stability of their beams has greatly improved. At

-

the same,time, magnetic spectragraphs have been impfbving, giving bettcr

.
- .

-and,better encrgy resolution. . These evolutions have made the single-

» . . . . _
pgrtic{e transfér reaction .an increqsingly_useful method for studying

-

b . . * . * Al .
the structure of nuclei. The (d,p) neutron stripping reaction was the

first sﬁngle_particlc.ﬁransfgr reactioﬁ used ﬁo populaﬁe neutron states,

.. .

_and 1t wagy followed by the (p,d), (d,ﬁ), (3He,g)‘and‘(t,d),reéctions.

»-
.
N
- ’ -
.
B

- ’ . ' l. - : . N N
.

.
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. . . 3 . _
Proton states have been populated by the ("He,d) and (o,t) stripping

.

. 3 . . .
react.ons, and, more recently, by the (t,a) and (d, He) pickup react-

ions. For most of these reactions, different angular distributipn shares

¢

result from differemt values of the transferred orbital angular'mohentum,

L. It has been foﬁnd'that these sﬁapeé can usually be well reproduced

by a distorted-wave Born approximation (DWBA) calculation. Thus, for

‘reactions on even-even targets, it is possible to determine £ for the-

N
-

final state by comparing the angular dist;lbutlén with either theoretical.
predictions or empirical distributions. 1In some cases;.it is also .
possibie to meaguée:the ratio of tﬁe cross sections for éwo_complementafy

\\reactio;s (e.qg. (d;ti.and (3He,d)), én@,deﬁermine the 2 tra;sfe; by"

o compag%ng.thé experimental ratio to,tbé theoreticadl value. For a given
2>02 tﬁerc ;ye two possible v;luesAfor the total transferred anéulan
momentum,'j=2¢l/2. The choice betwéen the t&o.may'often bé made.by
cémbinlng th; t;ansfer reaction results with those from Stper types of L \

experiments, ox by appealiny to ﬁodel—dependent arguments.

- Much interest has been shown in the structures of deformed

* -

nuclei in the'}aég—edrth region. Neutron’ states in thié region have
'beeh extensively studied, as have proton p;rticle states. Proton hole
stétes have_geen less ;ell studied, and thcfe are two main reasoné“fé;
this. Al£hou§h beams of "tritons éo initiate the (t,) reactign have
nbeen.available'at a few’laﬁoratories for some time, éhis reaction is
no£ as informative as most‘of:the others. For triton ernergies presently
"available (up to ?4 MeV), the (%,a)'éngulaf distribuiions are quite

structurecless, ‘making the.assignment of f-values difficult or impoessible.

3 . .
The (d, He) reaction has not been very useful in this mass regloq_eltner,
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L3

' : , 3 ..
because deuteron beams of > 30 MeV are required for the "He particles
to have energies significantly above the Coulomb barrier. Accelerators

capable of producing deuteron beams of sufficient energy and stability

have not'been available in conjunction with high—r;solution particle

specbrometers;' Thus, neither'(d?He) angular distributions nér cross

section ratios w}th the (t,a) reacéign can be optained._ For these
.reaséns,’there is practically no particlg transfe; informﬁfion avail%blg

on proton hole statestin Aeformed rare e;rth nuclei.

Siﬁgle partIBXS étates in well—deforméd odd—ma;s nuclei in the

:ééio% 150<A<190 have been found to he well describéd by.the'Nilsson
'modél (Nilssen 1955) if pairang effects ané.Coriolis mixihg aré included’
articles Sy Elbek and Tjgm 1969};and Bunker and

¢ ! . . .
Reich 1971). For the majority .of these nuclei, most of the observed

(see,'e.g.,‘the reviéw
. 4 N : ) . .
foatures'ap low excitatioqs (ESZ MeV) are reasonablx‘Weil explgined‘
by assuming a simple qugdgqpole deformation. However, near the upper
- and ldwer limits of the region, the nuclear_déforﬁation.chanéeé quite
rapidl§ with changing mass, and the Nilsson model is not as successfu;.
The iimit of itS‘applic;bility is not yet Qell known, especially in the
vicinity of AV190. Several theoretical calculations‘(Laﬁm 1969; Nilsson
"

et él,l969; Gotz et al.1972; Nielsen and Bunker 1975) have indicated

that a number of systematic cneréy trends thragughout thg deformed rare-

" earth region may best be explained by adding a hexadecapole component
* . . . [

to the nuclear deformation. The magnitude of this component is largest

near AV150 and AV190. Andther study (Meyer-ter-Veyn 1975) has emphasized
the importance of axial ‘@symmetry.in the AV13%S and AV190 regions..

The experimentadl evidence seems to support the hexadecapole deformation

a

-4
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.

hypothesis more strongly‘thaﬁ“trlaiiallty, although it 1s known that ‘the
quadrupole deformation,is prolate in W and Os, but oblate in Pt (Baker
et al 1276, and references therein).

Because of their position in a region of shape tianéitlen,
the nuclear structure of the heavy odd~A rhenium isotoves is of consider-
ablé‘in;erest. A wide variety of experiments has been done to study
" : . 187 R o
the structure of the stable isétope - Re, including proton stripping

. 186 ) . . . .
reactions on W, Coulomb exc1tation,_1nelast1c scattering, resonance
. . : < '. .

fluorescence, and y-decay studies following the f-decay of 187w (Ellis

1974, and referénces thercin). These have resulted in a good under=-

’

. . . . T . 187 - - . :
standing of many of the low-lying excjtations in 7Re. Very little is
189 . . . o .
known about Re, which 1s unstable with a half-life of 24 hours. An .

early Y-decay-study using scintallation counters to qxamine,thé decay of
189" : - ) . o
W has been reported (Kuaranen and Ihochi 1965). Some coincidence

information was obtained, but no level scheme was proposed. A ground

. _ A N .
state spin and parity of 5/2 is suggested by systematics, and is com~

. . |
patible with the measured log ft values for the decay to l8905 (Lewis

1974). No information at all was available for lgqu, which has a Ralf-

", life of about 10 minutes. The main reason for the scarcity of informa-
tion on these nuclei is that gstable targets do not.exist for thém to be '

-

populateé,in the most commonly used reaction and decay processes. 1In’
189 .. 191 . st
fact, the .only stable neighbours of Re and Re are the osmiun
. 190 * ..192 . o C o L
isotopes Os and Os. A proton pickup reaction is clearly necessary.
An historical review of the ekperiments which have contributed
to the stuay reported here will help to clwxifyplater diécuss;on.

Several odd-proton nuclei in the AV190 regian have been found to have



-

‘188

. 189
The Re spectra were bLetter,

Jow-lying 11/2— states. Some'authors interpret these as hli/2 shell.

model states, whilé others believe them to be ll/E_ISOSJ Nilsson or-

o

‘bitals.” Price et al. (1971) performed (3He,d) and (a,t) redctions on

targets of 19OOs and 19205, ropulating protén particle states in 191Ir
123 : .. . : 7 -

and Ir. The observed proton stripping strengths for the I = 11/2

levels were éonsistent with either an h shell model state kelow:

11/2

‘the Fermi. surface or an 11/2—[505] orbital above the Fermi surface.
If the former description were correct, a proton pickup reaction would
populéte the 11/2 states strongly, and therefore (t,a) studies on

targets of Os and Pt were begun. The' results obtaihed for the rhenium

N -

isotopes are reported here, while those for the odd iridium isotopes

N

have been reported by Yamazaki et al. (1276). )

N\

The initial (t,)) experiments were performed on targets of
199, - - :
Os and " 'us in 1971 (Burke et.al. 1971) at the Los Alamos Scientifie
Laboratory (LASL).. (Until very recently, this was the only. Tandem lab-

oratory .in North America with the capability of producing a beam of

tritons.) The feqction products, were analyzed in an Elbek-type magnetic

spectrograph, and were detected.wifh ﬁuclear emulsions. When the plates

. . 187 - : .
were scanned, . it was found that the Re spectra had very poor resolution;

the peaks were wide and had very.large low-energy tails. This was attri-

’ . 188 . .
buted to a non-uniform Os target,‘but was discovered too late for

the experimehts to be repeated;conveniontly with a more uniform target.

.

buit without any (t,0) spectroscopic
. L SR ¥y - ‘ )
information for known levels in ‘Re, it was not possible to make |

. . : ' ... 189
any, definite predictions regarding the nature of levels in Re. The

-
-

only useful result of these.experiments was the determination of many

2

.

-

\



. 189
level energies in Re.

The study was resumed in 1975. By this time, th2 accelerator

laboratory at Los ~lamos had put into-oreratior a ne~r, £3D-type magnatic

spedtrometer with a helix detector system. (Thase will be described

. T . e 88 .
in detail in Chantsr III). Thinner, more uniform targets of Os.and
120

- . 192 . . .
Cs were made, and a Os target was- also made so that the study

: - .19l ", . Lo
could be extended to include .~ Re. [tuch befter spactra were obtained

this time. On the basis of relative (t,u) cross sections for known

-

. l87 . . - . .
levels in Re, and with the assistance of energy systematics 1n the
" Iighter 'rhenium isotopes and the limited y-decay study'of Kauraren and

Ihochi (1965); it was possible to suggest several Nilsson assignments .

. 189 . . . .19 :
in 7 "Re. The situation 1in lRe was less clear, as the data served
" .

only to restrict the interpretation to three possible level schemes.
llowever, the systematics ¢ single proton states in the rhenium isotopes
suggested some trends in nuclear. structure which would be jinteresting

to study further. One.of these trends was a possible change of ground

state'configuraﬁion in going from l89Re to 191Re.

shortly after the (t,c) experiments were completed, the world's

first polarized-triton ion source went into opérqtion,at LASL. It '

, . >
was soon found (Flynn et al.l1976; Flvnn et al.l976a) that the (t,a)

reaction is é_véry d;eful spectroscopic tool_fqr sphégical‘yuclei. Not
. o . j L
" only is it'possib}e to discriminate. between sp#ﬂ-orbit partners, }t is
also}oftcn possible.to‘determlne the‘ﬂ-vélue o# Lhé transferred pr?ton
from ‘the shape of the angular distribution o@/analxzmng powers. Ed;lier
. R
studaks (e.g. Casten et al.1973a) had demons?}atcd that the vector

o~ / . .
analyzing powers of (d,p) reactions could be used to determine the
. Y P P /

/
l . '

/

’ f



transferred .. and § for sphexical nuclel, but it was also found

(Caszen et al.l973b) that the technique Jdid not wvork nearly as well for

>

ceformed nuclei.. The vegtor analyzing powersz for the W (d,-) reraction

were found to ke smaller than predicted by DWBA calculations and not

+

very useful. It was not clear whether the reduction in analyzing
powers from the DWBA predictions was a general property of deformed
. ’ ] » ‘ . . > - :

nuclei, or something paculia¥ to the particular (d,p) study. No
other analyzing power: neasurements of single particle transfer re-
actions in heavy deformed nuclei have been found in the literature.:

. ' ’ I3 ) s ' ’ +
In view of these results, it was not at all certain that the (t,a) re-
action could be successfully used with deformed nuclei. It was decided

188

. . . > 18 .
that a useful test case might be the Os (£,a) 7Re reaction, since

L e . 87
many spins and parities of levels in 1 rRe were known. If the analyzing
powers were found teo depend strongly on 3 and ¢ in this reaction, the
. o : .18

technique. could be'-used to make ‘spectroscopic assignments in Re and
191 : .- e : ' , g

Re, resolving the ambiguities that remained after the (t,a) study. The
> . P [ .
(t,a) experiments were done in May, 1976, and the succes:ful results are:
‘the main subject of this thesis.

¢
¢



CHAPTER II-

- THEORY

The results of the experaiménts presented here have heen inter-
Qreted within Q.theoretical framework whlch:is weii known. The unif_>d
model (includ;ng the deformed shell model),.palrlng¢theory, Corrolis
mixing and théldistortéd-wave Born approximation (DWBA) have all been
.dééc?ibed in detail in a~v§riety of puﬁlished works. 1In this chaptear,
the baggc assumptions and fundamental eqﬁétlons of'these theories will
be presented. Emghasis will be placed on those asvects which d;?ectly

concern the present study. Further details and more rigorous trecat-

K / s,
ments may be found in the references cited. £

’

L o !
' 7

o

v
2.1 'The unified model for rotations.* .

The quantum mechanical description of a rotating body was first

‘

applied to the ficld of molecular spectroscopy, where it was found that

the theory reproduced-observed energy level spadings very well. Later,

when a similar I(I+1) spacing pattern was observed in the spectra of

°
4

certain nuclei, which were also observed to have large permanent guadru-

pole moments, a similar model was adopted. The nucleus is considered to

. ) i}
{

have a permanently deformed shape which is rotating in space. The rate
|

of rotation is assumed to be much slower than‘the intrinsic motion of

* . .
This model 1s discussed in nore detail by Rowe (1970) and Ireston

and Bhaduri (1975).
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.

the nucleons, so that their motion 15 not greatly affected by the ro-
. e . :

tatron. This model iz of course phenomenological, but it

3 8UCC 338 ids

%

been so great that feor many rurposes it ns ndt vet bheen raplaced by

one more fundamental.

In the adiabatic approximatiodp, the iHamiltonian for a deforred

nucleus can be separated into an wwtrinsic part and a rotational part:

.

4 = H, +H - . = ' . (1)
int Yot

.
.
fox

-> . v Ky « . . » ‘
Defining R as the.rotational angular mementum, J as ‘he intrinsic angular

s
«

- ->

—* -
momentum and I = R + J as the total angular momentum of the nucleus, the

”

rotatiohal Hamiltonian may be expanded as: -
3 2
£ = Z h R? b
rot , <2, i
oo i=1 1
.t 3 5 .
h 2 n .
= = Kli—Ji) ' ) . . () ]
1=1 Ti B

.
’

) ' . © . th . . .
where Ji 15 the mean value of the 1 conponent of the momaent of jnertia

e
-

.

tensor. If it 1s further assumed that the nucleus is axially symmctric,

0 thyt Jl = JZ = J; and E3 = 0, then ¢g. (2) simplifies -to:
2 2 : : - )
h - 2
H ’ = e - ) H * .
rot 24 ,L (Il Ji . (3)
i=1

- .

Defining the raising and lowering operators I+ = I1 + 1T_ and J+ = Jl *+ iJ

and expanding eq. (3) gives:

A\l : e



1lu

2 2 2

<

- B IS A R P LU A '
d = S (eI ST T T )+ S (1)

ra . .
The second texrm on the right couples ghe'rotatlonal and 1ntrinslc motions;

in analogy to classical mechanics if i3 ofton called the Coriolis term, and s

~ .
represented by HV'C. The last term in‘eg. (4) owneratoes only on intrinsic .

3

coordinates, so 1t 1s usually absorhed into the intrinsic part-of the

Hamiltonian: -

2
-»2
52—,-;5 (5)

For axial symmetry, I3 = K and J3=t: are constants of motion, and since R, =0,
. ' X

X = 4. The rotaticnal Hamiltonian may then be written
o 2

ro

o

rot

N
-

. o \ -
H = = [‘I(I+l) - 2"21 . ' .

‘:

. 52

§¥: (I+J_ + I_J+) . . (6)

Next the cigenfunctions of ”O are defined by

o O - ' ' - ]
H %, = € . (7)

o k% . g’ - o

where G-represents the guantum humbers needed in addition to K 'to
completely specify the state. If the-nucleus 1s odd-A, the wavefunction
x;'may_be further gpecralized to refer to the odd nucleon moving in the

field of an even-even core. In this way the single prarticle model 1

introduced, and with 1ts introduction the unificd model is realized.



Y

The nronerly normalized and symmetrizod elventuncrion £ the total

llamiltonian may now ke written

21+1°1/2 [ I
) MR K >

R ey ~
e, - -

I-1/2 . I o
N N ’
Y =X =K

+ (-1)
.
. I . . . . . - .
where DMK is the yotation watrix, and ﬁX is the parity of the wavefunction
s

< It ray be readily seen that for K=1/2, the Coriclis tcrm in Zag. (6)

centributes directly to the energy of the state:

.2 ’
: byl I+1/2 '
<L)t laIik> = 2~ a(-1) Y20, ) ()
rpc 2- .

where the decoupling paramztexr, a, 1s given by

a = —<xi|J+|fo> . R (o) ¢

The total energy of an-odd nucleus is gaven by:-

CoI%1/2

u\ L= Lﬁ + ~—-[I(I+I) - 2K2 +. 5(*1) SU{I+l/2)).

"k,1/2
(11)

This equation indicates that there is a rotatlional band built on each

intrinsic excitation. ‘The encrqy relative to the bandhead energy 1is
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The eneryy spvacing is

3

redicted te folle » the I(I+1) rule, exceit Jor :=17/1

banus, 1n which the spacing mav be strongly rerturbed. No mention has
.

keen made of vibrational states so far. Because they are difficult
to treat proverly, these states are commonly nealected in théoretical

structures of the sort described here. Manv fewer vibrational ex-

N
citations are generally found than intrinsic or rotational excatations,

but their omission does represent a significant shortcoming of the model.
In what follows, the nucleus 1s assumed to ke always in its vibrational

ground state. >

2.2 The deformed shell model.
The problem of calchlatlﬁg the wavefunction and energy of a

particle bound to an even-even deformed core was first considered by

S.G. Nilsson (1955). le assumed a Mamiltonian of the form

B’ 22 22 22
= S - (eixd o+ wix o+ e
= gm g e T upxy F e
' e *; -' .
rcis+p . (12)

~

where the subscripts refer to a body-tixed coordinate system, and the

wi'are harmonic oscillator freaquencires. If the nucleus i3 further,,

assumed to Be cylindrically symmetric, one may define a deforration

.



.,

equipoterftial surface to be the same at all deformations,

. . 13
rarameter & such that:

22 2, .

Sp =y = wy () (1 + 2738, .

2 2‘ . 4 . o ! . .(13)
we = po(ol(l—AZBO) . :
: ! ~ . -~ "

Prolate. spheroidal shipes are given by >0, oblate‘shapes hy ©<0. , The

§unction'wo(5) is détermined by régquiring thé volure enclose LY an

-~ B

“~

term iﬁ.Sq. (12) splits the degeneracy of .the shell model levels, .and -
. . L —_— v
the last term reproduces ‘the observed lowering of high'% states re-

¢

lative to the other states in a major oscillator shell. New parameters,

0

K and U, areg introduced by defining K . ‘ ’ B
C = -2hw < o ‘ o’ ce
. 21w0 ) _
. ‘ o, X L (14}
and D.=-hw pu .. . - ‘ »
' O . . - .
" . S e

The values of g and Ul are chosen so -that ‘the -shell model level ordering

. : o0, N , L .
is reproduged in the spherical limit, -§=0. MNaking a transformation to,

57 .

" spherical coordinates, which are easier to work with, the'oscillatorf

pé;entia} becomes:” .. L . ‘"
\ ) v . ‘
. .’:)‘\ ' . . ’ - . . 1 .
. ‘ 2 s o . '
- e v{r) = 1/3 mwgr [{-23Y20(Q,¢)]‘ ¢ .\‘ , < (15)

P
. . . L

.

The néw deformation paraméter, {3, is related to § By

r"..‘.“’ . . ' Lo . ' . . Ty

5

ey 5 oe 4/T s 106 o e

.



The completé Ham{ltoﬂiah is tpen
. ) m"\.

42 2 1 22 .

H= - EE'V + 3 Mwx [l-2§¥20(6,¢)]

.

.

_-hgo(iKz.;#yKEZ) S R . ' 7

1 4‘\ ‘.

4

Single particle wavefunctions and energies may coﬁerigntly be found by

diagonalizing the Hamiltonian (17) in a basis |N£jK$ defined by

. . - N . . . =53

- (e £, Chi 1966): . : .

'
~

-

1/2 (-—V2+p2)'|N;Zj K>

]

- (w+3/2)ho |[N25K>, N=0,1,2,...

[ B L . '
K 32 | Ngj k> ='2i2+1)¥x?|ﬂ2j1<> .
S ' L - . - (18) )
P v = 5 G+0ke g
iy Mg = vy o
In the p:eéenﬁ deveippment, the resul%ing,wavefuncgion$ are identified
with the intrinsic wavefunctions of Eq. (8), thch may;thgn,be.writpen: .

L . . . 0
. Coe s .
-

' .
N .

.
8o v

4’1':

Note that the sum need.only be over 5, sinée % is determined by 3 (3=R41/2)

?»

2). The pliase- convention relating the expansion’

and N ((-1)Y = (-1)

‘coefficients ip'(lQ) and those of the time reversed statg,'xgx(N), is

ng'n).; = 3 é;.‘,g(a)lmj-x} .o g o o ae

13
[

WY
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IR C§Q= (03I L e ‘
3 s . . . .
. : . - o ) i . ) . ! -
. In the lfmii,of very:large deformations, the nu&ber'of oseillatqg’ ,
, L . . F . e -t - . . o
ﬂqpanta.élong the'symmetrx°éxis} n3, énd"the projeqtioh'of.z on the
.*" o : evmmetrv ax1s, A' Lecome good quantum numbers.‘ Tne.Nileson.sfates T ~f- ' . :
Co , - Co - : ' . 2
, (N) are therefore.labelled bv K [Nn A] ’These OIbitale.are doubiy ' .
. . deéenerate, each belng able tc aceommodate tuo pareecles 1n.t1me—,’ T, f
. 'f ji ,neve;sed ornits; Thusb each (2J+l) —.Hegenerate shell.node;_state K ‘ ‘
,i ; ' s spllt into (3+1/2) Nllsson érbltals, as shown 1n Flg.-l;- ?;r:=~ o :A“; 1 N
~f“',".u prolate deformatlons, lova ogbltals are depressed in energy'relatlve :“. . E
.. : to the shell model state, Whlle the energy of h;gh Q orbltals 1s ralsed " | i
jA f.;th ‘ "..f R lmhe m;del outllned abéve has been found to predlct energles,}r‘ } ;';“ '4
l :” R .'égt:zz‘éarltles and partlcle transfer strenéége ;egy well for 51ngle -'i'[\ ‘
- partlcle states in most Weil deformee‘nuclel.. It does hane eeveral‘ V,}i -‘_~_;“_;%
‘:3.2' ' ) _‘ shoxtcomingsi‘nonever. ‘One l$ thaﬂ the-ﬁamlrtonlan, Eq. (173,¥has ,C_ . :" .“?;
R ACTIERT o e S e e S e e e
' * non~;ero matrlx elements between states dlffering in N by-2 Qp that N 153. - ,:.:13
ia";_ilix ; ”u not’strlctly ; good quantum nunbé;._ Inamost c;lculat;ons, thls coupllng !‘“ ) }é
z:: i n : ;s ;qnored and the dmagonallzatloh 1s restrloéed to a 51ngle maaor ; ] -
t”lf ~;f“ clllator shcll This, éeeults.:n a-e;gnlflcant error only when two R " L
) Lo R '~ S ‘ Cad . . R , ,»»_..
. ’,“__ . ? NllSSOn‘orbbtals havxng AN“Ziare preglcted to cOme close tOgether ln.l ' 3
. i!LT" ﬂ.'}: energya. Another problem 1s that the %2 tcrm reduces thc average energy o l'\
. . ;“";ﬁtgﬂ §;ae1ng between the mqgor EQE:iletor shells wlth 1ncrea31hg N éqé, ' N
_. o flnelly; enée;lmeneal evldence lndlceqée nhaF a s;mpie quedrupolo a N .
. : <. ',-.w- - L4 -‘
- A . deformaﬁxbn doés not always prov1de an adlequate’ descrlptlon of the . : ) ?:ﬂ
' ' {i'.' nucleus, it ié Sonet;mes ngceseang £¢ cons;der:hlgher-order ee%ormaelons.L -
B o ' T . RPN . Yo fol
el . .: ‘ K . ‘ X 1 ‘ C V L : 5 | .f. R : :
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Figure l.-Single-particle energies predicted by the Nilsson model
for proton states; 50<Z<82, and prolate quadrupole deformdtions,
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- deformation. . Dgfining a‘radial paremeter O:. ) ;

It was in an attempt’ to overcome these difficulties. that

B. Nilssoh‘(l9é9) proposed a modified Hamiltonian.. He bedan with a

variation on-the model described above whidb was also proposed by

:

S.G. Nilsson (1955, Appendix A). "A new deformation parameter, £, is

‘

introﬁucea such that -

o

@l.= wz.z wo(%{(l+l(3€). I’,
Y
(21)
/,)’3 =-w0(€) (1—2/.362) .

It is related to the previous deformation parameter, §, by the ex-
pression

Te =8+ 1/66° + OB , . ' . (22)

x
[

Y

so that, for example, § = 0.30 corresponds to 8'% 0.32, The cqordinates

£
>

areé transformed according to the relation

P Yk, : 3 : ©(23)
h / ' : '

°
»

-

which has the effect of defining a different scale along each axis.

This transformation eliminates the AN = 2 coupling for a quadfugoie

-

. .
L4 . .

: T3
2 . =2
: o= B b s
=1 e
. 4\
. . - .
and a.differential operator Vg :
2 30 ’ .
Vg. =.' 2. -'—3 . [y

. 1=19g

the llamiltonian becomes v

1



T I RN T ISR N B S
H = 1/2.£w0(ex‘vvg + ?, +3 Epz(,agl‘a§2’8£3)
B 22 ""\‘.A
N . . . = 3‘?0 P2(511€2153)]
_— = b (00 (2.3 + 8P w v ' " (24)

corr.

o

% .

The term VC ..., which arises from the coordinate transformation, may

orr

be neglected (see S. G. Nilssor 1955, for-discussion).. The contri-

hd .

bution of B. Nilsson was to add.two terms to the potenﬁiql. One ternt: -

’." . i + ’ . 3 I . ) .
u ) R £ —D<x2>shell = =~ DN{N+3)/2, which'maintains the correct spacing of

the oscillator shells. The other term adds a hexadecapole component to -

the deformation. The -new Hamiltorian .is .then

.

At - -

1 . 2 2 o
= = ay?, + N TR B S
H zhw0(52,54)| \7\5 + p .2/3 Ezpz( )

e e e

08y, 38, B85

s

DT I N AT
-2/3 €2D pZ(El’EZ’E@) + 2549 p(&(gl’gz’g:;) .

)

: T2 2 ] .. : ,
~chug (0) (2.5 + u(X* - fK>sh911’ ﬁ SRNCLE

where €2 is the old €. The shapes of the nuclear potential corresponding

to various values of e? 4

and €, are shown in Fig}'2 (from 5.G. Nilsson

95,135. 1969) . With the introduction of the hexadecdpole deformation;
.. , ' states from different major shells of .the same parity are again mixed.
The effect tends uUsually to be smdll, however, and matrix elements

) ' . B . '
. .




° .‘ e .l' * /: . T T ..'l . '-'. ', |
“0 000D -
- (.0 O OCE=-

€4

el ( @ @O..

A 1
=025 0.00 0725 050 0.75 - " 1.00 |
€

2

-

'Fiyure 2. \uclgar potcncial shapus for ‘various values of the deform-
ation paramecters £2 -and €4 (from NllSSOn et al 1969).
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between shells differing in N by more than 2 are neglected.
B. Nilsson (1969) went on to calculate.the total nuclcar énergy,

includaing Coulomb and pailring cne%gies, for even-oveocn nuclel '1n the

actinide region. Egquilibraum distortions (éé,c4) dre dcfined as thosc

for which the total potential eneigy is a minimum. A similar calculation
was done by Lamm (1969) for odd-A huclei in both the aqﬁinlde and rare-
earth regions. !lore extensive.calculdtions were done by S.G. Nilsson

T et al. (1969) for even-even nuclei in both high mass, deformed ieglons.

.

They used essentially the same Hamiltdnian as B. Nilsson and Lamm, but
fhey also employed a generalized Strutinski,(l967) prescription to
normalize ‘the average behavior of the potentiél.energy surface to that

"of'a liguid drop. Ground staty deformations of even-even rare-earth
"

"nuclei were also calculated by Gotz gE‘él:.(l972), using a slightly L

different procedure. Théy assumed & Saxon-Woods pépentiéi rathéyr than
‘ - . \ .
.a harmonic oscillator potential, and consideéred, the possibility of
L . \ )

, . ‘ .
" axially asymmetric shapes, as well as quadrupole and hex?decapole

-

deformgtlons: They calculated deformation parameters Sé and 64, which

are defined by an equation representing the radius of an equipotential

surface (Bohr 1952) = ' .

o N N

. . N

R, ) = R (8,780 ) (1e,¥, (0) R

220 .- ’ . N .

-
.

\ . * B, 1Y, (0,014 Yy (8,000 By, (0)} K (26).'
- . P . e \

and the more common shape ' parameters

The relation between Bz and 622

B and vy is given by the equations -

0':. : - . -
e

BT A T
‘*‘.-1"‘%?'/‘-'5'_ RS RS

Pk



L R e N R P SRR T e A e

>

32 = 2 cos vy ,

< (27)

’ :
. ) 1 . .
, S qu = @ siny .
. 14 )
o . | |
Hence, for Y=0, 32=6 and,B22=0. The parameters (3.,3 ) are relaced

24

*

to the other parameters (62(é4) in a nAdntrivial way; the connection is

. * : "
shown graphically in Fig. 9 of S$.G. Nilsson et al. (1969). Gotz et al.

.

found that triaxial shapes were not predicted for most nuclei.’ Their
values for the quadrupole and hexadecapole deformation parameters were

similar to those found in the earlier studies, and agreed quite well

.
. ..

with the experimental data available. Finally, in a recent study by

Nielsen and Bunker (1975) the equilibrium deformations and enérgies of

proton states in odd-A rare-earth nuclgi were.calculated. The procedure . -
was very 51miiaf to_?hég used by S.G. Nilsson et al.(1969) for even-
even nucleﬁt ground:étapés.' It was féund thaé'obseived energy trends
_are fairl& well reproduced by the:calculation, and thaé séﬁe t;ends‘ .
may be attributeq t6 the hcxadecapoie éeforﬁation. The\resultézqf.all
of the above calcuiations'wh}ch are réléyanL to the presen£ study yiil
be presented in Chapter VI.
N - T k% -
2.3 Pairing effects

In addition to the long range nuclcar forces which tend to produce

<
- [

. . e .,

. Vet . .

* . . . ; '
There is an error in ‘this figure. The signs of the €4 values should be
reversed. . . . . . . ’

'

* %

Xy

Pairing is discyssed by Nathan and lliilsson (1945), and' is treated
more rigorously by Rowe (1970). .



deformed nuclea away' from closed shells, there are short range- forces
€

- .

. | 4 . .
which tend to Xeep the nucleus nearly spnefical._.These latter forces

result in nucleons filling available energy levels in tice reversed

‘pairs with angular momenta coupled to 'G=0. One’ conseguence of this is

.

that the ground statespins 2f all even-even nuclel are I=0. To treat

the pairing force correctly, an appropriate term should be included in

. .

the nuclear Hamiltonian. This procedure, results in.extremely long and

difficult.calculatiqns, so the effects are usually approxiﬁated using

a Formalism due’to Bardeen, Cooper-and Schrieffer (1957}, and first
,'applied to the nucleus. by Bohr, Mottelson and Pines' (1958). 1In this . *

s

formalism (called BCS), the Fermi surface of an even-eveh nucleus is

diffuse, so that, .for deformed nucleéi, an orbital near the Fermi

¥
[

: . 2 L
surface is occupied by a pair with some, probability V', and is empty

.

‘s ; . 2 2 2, - : . T
with a probability U~ ; Vv +U =l. 1If a single nucleon is now put into
the orbital v, the resultlhg éonfiguration is a particle state to the

extent u, that v was empty , and it is a hole state to the éxteh@ivv-
that v was full. The dual character is indicated by hsing.the term
" "quasi-particle" for states of this type. The cnergy of a guasi-

particle state is given by ,

By

s

. ®, = e, , C o (28)

. ) 2 .2 .
where A is the Fermi energy, (for whach U =V =1/2), A is a measurc of
- the di'ffuseness of the Fermi surface, and €, is the 'single particle

(eng., Milsson) enerqgy of the 'state V. The occupation-probabrlity'i;

.
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W0
=

. If the single particle energy of the ground state of an odd-A nucleus
: , . .

"is éo, the excitation enerdy of a quasi—partiéle state is
: ‘ T3
E = (e -2 - Ve -M 7 (30)
Y] . 0 - .
EE L, .
~ /?EGA) +A - A . : Y

Eq. (31) follows from the fact that, usually, SO " X.‘ The éarameter 4

for a given.nucleus nay be.calcuylated from the nucleon‘separatién
eﬁerqles in-adjacent nuc]e},.and this has been done- for even rare-earth
fuclei by Neergard agd Vogel (1970). . o ~

The 3CS formalism also predicts éttenua;ion factors for matrix
'elementslbetWeeh quasi-particle states, aﬁd it giyes_gn addltigngl-factor

.t

in the expression for the single particle trdnsfer cross section.

These will be discussed, further in the appropriate sections. below.

2.4 Mixing effeots.

Mixing between states of different N was discusgsed briefly in
"section 2.2. Since it beéecomes a significant factor in this mass region

anly for defoxmations larger than those considered in the present work,

-

it will not be pursued further here. Also neglected is-mixing between

guasiparticle states and vibrational states. a more detailed theory is

-
. . . .
.t . r

]
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. ’
required to account for this prhenomenon; Bunker ana Reich (1971) give

a survey of studies that nave been done.
AA effcc£ which 1s 1mpo§tant in this étddy and wﬂich can e
treated with -the theory és outlined 1s Coriolis mixing. The Coriol:s
" term appears ;n the expansion of the rotational Hamiltonian, Eq. (4),

and is made up of cross products of the intrinsac and total angular

“

A . .
momenta. As stated 1n Section 2.1, it contributes directly to tae

cnergy of a state only for K=1/2. 1In addition, it couples wavefunctions

c

of the form (8) whaich differ in K by one, amd which have the same N.
The coupling is particularly stroné betyeen Hilsson orbaitals orxiginating

from the same high-j shell model state, such as hll’“' The effect of
. / & . .

the mixing is calculated by diagonalizing Ehe Hamiltonian (1) in tie
basis definéd,by {8). Diagonal matrix eicmentsqare’giVCn by Eg. (11),.

.

and off-diagonal matrix elements are given by:

<ari|H ot iMke1>
rpe .
L3

e ./(I—‘K)(J+K+1)‘<)(zl\1«|>(aI P ku,ﬁ'). .

>
22 K+l K,K+1

N

. . te .
The intrinsic matrix element s .casily calculatéd if the expansion (19).

. . Q
- is uscd.for the wavefunctions XK

o g K K -
<y ’ > = f - a'yent kla INGY - kel
KK}J—lx_K+1 ;.‘ Cjﬁ(u)cj'i'(1 ) NQJA' _Ing N 1
. K + . - YO
a3 c;.n(ct)c‘j(Ql(c;')/(ij) GrRrD) . (33

e



Pairing effects tend to attenuate the matrix elements; the correction

«

factoxr P_ ° {x,0') is'given by (Rowe 1970; Chap. 11):
. ‘K,K+1 : -

(@,a%) = (UU, . +V.V. ) . (34)

PK,K+1 K K+1 K K+l

The mixed nuclear wavefunctions resulting from diagonalizing the

Hamiltonian matrix may be expressed by

v

= G > :
=L aiiailnxl S (35)

wﬁere the sum is.ovér all states .included in the diago&aiiéation.

Note tﬁat K is no longer a good quantum number. Usually,‘howévér,

o§e state [ajIMKj> hés & dominant amplitud? aj (a;;ai,ifj), so that
the NiIssqn guantum npmgers for this state ére'often, for convenience,

used as a label for the mixed wavefunction. In the simplest case,

when only two states are involved, the effect of the mix;ﬁg is to lower

the energy ofléhe state which had initially Fhe lower energy, and go
.raisé the eneréy of the other state. Ta firs; ordexr, the effectﬁof
Coriol;s mixing on the energy spaéing of a rotational band may be re-
- produced by rqnprmaliziné the rotétioqal parameter h2/2?,.si;ce the’
strength of the mixin§ increases witﬂ incréasing I. Aqotﬁer result
of the mixing is\éhe shift of.singlg partiqle‘transfer strengph (as-
expressed by the nuclear strpcp;re factor; see éection 2.5) from the
upper st;té Lo the lower Etate‘ for leyels f rom the sémo sfzil‘ -

~

.25



2.5 <Calculation of cross sections.

. The general expression for the cross section Zor a single

-

-~

rarticle transfer reaction is (Satchler 1958):

s 21 .+ . ‘

—=(2) = = 2S5, $.,(D) : (36)
- - 4 ‘

d . 2Ii+l 3¢ 3 % o

_ Here, Ii'and If are initial and final nruclear spins, Sjl is the nuclear
spectroscopic factor and ¢52(0) is the intrinsic single particle cross
section, This last factor is independent oé nuclear structure, and 18
usually calculated usinqythe DWBA theory as_outlinea in tﬁe next sechidé%
The spcectroscopic factor may be exéresseq in terms of a reduced width,

Bj2 :

322 X : o (37) )

" . o t
An expression for ng.for'rotational nuclei was originally proposed by

Bromley et al. (1957), and subsequently further developed by Satchler

w

(1958) . Later, pairing corrections wére incorporated by Yoshida (1961).
Heée a recent and rather e;egantdérlvatloqdue’to Ikeda (1974) will be.

given. Using the second quantization formalism, the reduced width

v

-

" for a'pickup reaction-may be written

B, = ¢ . j-m A em e N .
= L (-1 <3 mxinilzfnf»

| : W > . al
‘ajﬂmi‘l‘,M ' . (38)
1 1

.

Ity
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~

where a single varticle annihilation operator for a nucleon in

«

the state 1j£ > he/ N1lsson model is incorrorated by maling the

expansion .

a, = I v={ '
! £
j2m vy ) Ve, . 1

O'
<
jo1)
y
=
[l
w0
(98]
[Le]

with the same phase convention for the expansion coefficients &s that
£

given- in Eq. (20).. Since the wavefunctions U are described in a body-

M

, .
fixed coordinate system, the annihilation operator must be trans-

formed to this system (indicated by primes):

a., - =.3 Dl (802", ” . (49)

j&m o mr ! 3 m

?
where ﬁi, t=1,2,3, .are the Euler angles. Pairing effects are taken into
account by making the“Bogolyubéb*Valatin transformation (sece Rowe 1970,,

éhapter 11):

B
. ‘
= + ~
Ve Uvan :Vvan

Q-172. t+ . . ‘ ' ’
= Uy /N: Vo e ‘ (a1)
where §! is the time reversal é} Q, and . *
. .o o & . A . . .
R - . . N\ .
T - b
\ o, = (12

Vi V-t

e ~

The operaters & and 0" are quasiparticle annihilation and creation

[ ' v ! N A
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". opérators. The ground state of an even-even nucleus is a quasi-zarticle

vacuum state |[C>. For a reaction'on dam even-even target the inrtial

. . \
state wavefunction 1is

Y

, 21,410 1 . ‘
Voo S '
5 Dy ol . (42)

N 8T ., 1

11 .M. k=0> =;
1 1 i

- and the final state wavefunction is

1/2
\ e

( 2If+l N
-a ‘ .

z
£l
€ 3. \ 16'.’T2

R

D

21> =
0

. -
Il/2 g f .}

Il
Rag B oo
1]

L r1£—1/2 zf i ]\o : (33)
. : » -K . " :
; £¢ §

"The §€ are.mixing amplitudes és-ﬁgfined in Eq. "(35). Substituting (39},

(40), (417, (42) and (43) anto (38), using (20) and some angulay-momentum

algebra; ultimately gives the surprisingly simple result

21, +1 \1/2
~éj2 =.K2 21f+1

& P b poxc
2 (vé)vngx IiOlIEK€> : ({4)

§

mzv'

Since the target nucleus is generally assumed to be in its erotational
:and vibrationa} cround state, Ii:O and‘I[?j. llence Eg. (44) becomes
. " . . : ! [

(45)

hETA ;;i*: )

I



. '\’a
.and the differential cross section from Eq. (35) is
. " K 12 .
do | £ .
908y = 2| .2-a,C. 2,0V J G, (8) . (46) -
a tg £7307E g : S

a
.
. . / ’ o

The 'sum over j and % has been dropped because only a single combination,

. - «
. v

. . "y i . . w
of these guantities can yield a particular final .-I . All the 'nuclear
structure information is\conpained within the square brackets; this.

guantity is called thé nuclear structure factor. ~ For simplicity, con-

«

v

sider the casé of.an uniixed’ final state: L
K .2 S ' Do :
do(e) = 205, v% 0 L e i “n
. In any rotational bahd¢ V2 is the same for a;i members. The nucleax .

structure factors,(éc/dﬁ)/2¢jg,-of the members of a pand based on an

intrinsic state xk are therefore a direct measure of the C?ﬁ expansion

coefficieﬁts for that'étapé. When the nuclear structure factors are ,

1 .

displéyed as a function of energy, the resultiné chaiacteribﬁic pattern

. 3

‘1s called a flngerprlnt (see, e.g. Elbek and Tjﬁm 1971, p. 291)

Comparlng experlmental flngerprlnts to thcoretlcal or emplrlcal flnger—
prints is.one;way inﬂwhibthilssdh assignménts are made. A dis - .
advantage ofithis brocedure ié,that‘level épihs and paritiés must be’

experlnentally determlned before nuclear Strudture factors can be

An alternatlve technlqu; lS to comparu the relative cross

: calculated.
sections of the bandjmembers dlrectly wlthjtheqreticalnva;ues. Both , .
procedures, thevgr, depend upon the DWHA calculations béing reasonably

. . A ' . :

. e,

" realistic.

E S , .

‘e

/;i)

3



2.6 Distorted-wave Born apgroximation.

¢ .

s -

-

2 Several authors'(e.g..Bassel'gg gl; 1962, Satchler 1964) have
given derivations of an expression for the single particle cross section
in the distorted~wave Born approximation. ' The mathematics are tedjous,

so only the maih points’ in the treatment will be presented in this

e

section. -In the present work, single particle cross sections were

calculated with the computer prqgfam.DWUCK4 (Kunz 1974). The rela;ion~

~

Shlp between ¢ (6)'1n Eqs. 36 and 46 and the cross séétion.palcﬁlated

by DWUCKA zsj s . '
y D K4, GDW rd . . ) . R
¢
_ (leO ) 253 ) )
¢j¢<§) = oL © L %o 0y % (48)

. = ] .
where N is a normalizatidn factor peculiar to the particular reaction,
n .4 . JJ ' ) N . ' .
and the factor 10 is introduced to convert from the units given by . ’

_ ’ N ‘ .. . - TR
DWUCK(fmzfsr) to Mb/sr. . The DWUCK4 cross section for the reaction ' . /.

.A(ajB)B.is‘éiven by

K./ 2\% . mmm 2 N :
253(6) 1 I __]9_(_(_:_)“ 2041 5 )g a bl (49)
T EE_ X_\AB 2S+1 2s3 !
ab a - a m,m "
. o a L
' mb
where .o .. ot ‘ . . -'::~2
R @ : m m m_-m-m . Lt . .
S .gs;"amb = 2 By a:b pt P . (50 - BIP
*83 Ly J b - . ’ ¥
and - . . , ;
) N Ey




A

mm L -L -% .

Bls'?:b = L i° * <Lasaoma Jama?
Rk " I A ¥ | R

‘a"a b,

i

X .

%Lbsbma—m—mbmblmea—m><Jb ] Ty Ja ma>

X (2%+1)<L£z90|Léo>MSa+1) (23+1). (23 +1) (2La+1)‘

[' % S .
%8 s 3 o/ (l=im})! I25j '. . (51
! . (BH{m) T "9 L 3, Ly

LLa s, Ja/

.

The quantity’inycurly brackets in Eq. (51) is.a 9—j-symbol.'

The last
" factor in that equation is'g'radial integral defired by
o s iy we, Rt .(r)X“ tk_,x) S
J L 3L s Zpb’B s J L Ta ’ (52)
o aabb aa :
3

JbLb :

‘where the Y's are the radial part of the distorted wavefunctions of

the ircoming and outgoing.particles. 'They are solutiéns of the quagé?n

X o

. . : {
2 . .
d .2 L{L+1) 2 : J .
a_ k4 _ LiL+Ly - 2M - ..
[ dfz + 3 52 (U+U6+UL)]XJP(k,r) 0 - . (53)

v

where U(r) is the central optical potential, Uc(r) is the Coulomb

. J ) . . S . .
potential and UL(r) is the sgpip-orbit couplirig. The foxm factor,

flsj(rj' is' the normalized radial wavefunction of tﬁe transferred 2

particle, and is also found by solving an equation of the form (53).

!
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Many assumptions and approximations® have been made to arrive at

these expressions. Here are the more important ones:

a) the'incoming and outyoing particles.move in the average field of the

]

nucleus. Elastic scattering is.the most important process, and

effects due to inelastic processes can be treated as perturbations.

The reaction is therefore regarded as a single-step process.
&

b) in a direct reaction, only a few nucleons are involved. The nuclear.

core is not ‘affected by the reaction (exqept possibly to gain ro-
tational angular momentum), and exchange effects between free and

bound particles can be neglected.

¢) integrations ovey products of wavefunctions are simplified by

d)

e) " the nucleus.is.ppherical, Since déformed target nuclei‘gpn”

f) the incadent particle and the target nucleus. are unpolarized:

projectiles, but approximate corrections’ for the errers produced can

* in space when the reaction’ occurs.

.

Assumptions {cx and (d) are usually found to be quite good for light .

(X3 . .
K o o /\‘

making the zero-range approximation, which effectively reguires the

incoming and, outgoing particles to be present at the same point

»

‘the potential i$ local, i.e. independent of particle velocity.

*

:randomly priented in a sa@ple, aspherical effects will tend to

-average out, making this assumption a reasonable one.

L

.

be included ir.the calculation {Kunz 1974). OCnly the non-local

correction has been used in the present work. It is a factor which

[

«

multiplies the wavefunctions of the incoming, outgoing and transfékred L

.

L.

b
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.particles, and is given by

o .

. Bimi u e -

WNL(r). = exp 5" Ui(r) ' . (54) -

: . \ 4h".

. where Bi is the non-local.correction parameter,'mi is the mass of partiéle
i, and Ui(r) i its optical potential

The normalization factor N in Eq. (48) can be calculated if wave-
. functions are assumed for the é;ojéctile and ejectile. 'The,value cal-
culated for the (@ p) reaction| agrpes quite well with experimental

findings. Values caldylated fpbr/other reactions do not always agree

well with experimen y can be checked), so empirical values are

often used. °The theoretical relationéhip between N for a pickup

(alb)

reaction'and.N for the inverse stripping reaction is

{b,a)

25 +1 Y
N ==2_ n
(b,a) 2sb+1 (a,b) .

PRl

(55) .

where b =.a + x, x_be;ng the transferred nucleon, and Sa and Sb are
the particle spins.

A variety of forms may be assumed for the optical model poten- . N

" tials in Eq. (53). In this work, thé Sorm

. 3 } . ' :
Utx)+u, (x), —-vR £(Xp) .+ 1V E(X)) . . o :

- >

£ty ] L.3 (56

1

<
M|
gl

K10)

was used, where



. . r-r A
: £(X.) .= { 1 + exp —ok . . ' (37

.

is a Woods-Sdxon, potential. The Coulomb potential 1s given (for particie

a) by:

e 2 ) ’ )

2.2 e 2
ATa” Y. ] 1/3

U (r) = ‘3 - for ¥ < r A R

. 2 -
c (ar a3y, qx at/3Hr o e
oc . oc
" L (58)
2 . :
Z .72 e ) . . . .
T S Al/3 . '
r oc

3

The dptical model parameters in Eqs.,(SG} and (57) are usually found by

fitting theoretical.angular distributions to elastic'scattering data.

a8
» .

In the case of the transferred pértiple, the real well Aeptﬁ is Qariéd:
to{reproduce the pinding energy o? the partiéle.
5nce'§ist0rted waves and form f%ctors ha?e.beeﬁ cgiéulatéa
for a‘éiVen“rgaction! it is triyia; to théulate thé,cross'sqctions
of both the ;riginal reaction and the time reversed reaction. It 1;.
"also a fai;ly‘straightfo;ward‘matter to calcuiate the pélarizations
of the outgding particles fqr.both reactions. In the particulgr
case of the (;,a) reaction, the Qutgoing alphas;’being spinless, «are .

of course’ unpolarized. For the time reversed-reaction (a,t), however,

the §pin'— 1/2 tritons leave with some vector polarization, Pt(8)=<3t>/st.

-

The.vertical projecgiod of this\polarization, Py(G), is equal'to the

: ‘ O - . * . ‘
analyzing power, Ay(@), of the (t,0) reactiop. This equai%ty is a con=-
sequence of the time reversal invariance-of the reaction, and is dis-~

. : B s )
cussed by Darden. (1971). ‘The: (£,0) cross section is given by

oo
z

C Y
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. do /4 i e - .
aﬁ(e) =@ / 0 (l+P é ©)) ., — . . . (59)

By
. .

where the quantity with the subscript "o" is the’unpolérized CXoss
section and Py'is now- the vertical componént of the beam polarization

(the reaction plane ‘is horizontal). Iffthé direction of the beam

" polarization is taken .into acceunt explicitly, this may be,wriépen

/ dO(e)' i /dO

\_dQ ;. (GD (1 i“pfAy(e){ - \ o (59a)

L 0.

Here the subscript +'(—) ref@rs'fo-beam polarized up kddwn), and P’

”

is the magnitude of the:pola;ization. When a DWUCK4 calculation for the

- unpolarized (t,q) reaction is done, cross sections and peolarizations for

. . -) . . e
. the time reversed (o,t) reaction are alse calculated. Since

py(e,(a,i)) = Ay(e;(¥,a))[ this calculation provides all the infor--

‘mation reguired for analyé;s of the polarized (ﬁ,d) reaction.



CEAPTER III ~

EXPERIMENTAL DETAILS

In thisfchgpter, the experimental procedures and apparatus used
in the experiments performed in 1975 and 1976 will be described. The

technicgues used for the '1971 experiments will not be discussed here

because of the ‘very limited usefulness of the results. .

3.1 Triton beam production.

! Two different ion sources were used in the course of this study.

-

. 1 v ’ B
Unpolarized tritons were produced by .a standard duoplasmatron ion source. | -,

Los Alamos is the ohly nuclear structure laboratory with-a tritium ion
'sogrce of Ehi; type, simply-because it is the only one with the ex-

perience and facilities for handling the amounts of highly radioactive
tritium gas reqdigeq. f ' " ) ‘ " '
< . : . .
Polarized tritons were produced in a Lamb-shift.polarized ion.source,
specifically designed for use with tritium (Hardekopf -et al.1976 a,b).. *°

The prinqipies'of operatign of this type of ibﬁ source have been désciipcd
by Ohlsen (1970), and will not ber discussed here. The beam polarizgtlon
was measured using the quench-ratio method, as outlined by Ohlsen et al.

" (1971). —EssentialLy, this method consists of altering conditions in the

.
-

source to quench the polarized part of the-béam, and then measuraing the

remaining unpolarized current. If Q is the ratio of unquenched to

‘quenched beam current, the.polarization is given by P=1-1/Q. This méthod
has' becn calibrhtedKUSing reactions of known analyzing powc}s jhvaf 1.0),

1{
i
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and is accurate to better than +~ 0.5, (HardelopL et al. 1973a,01) .

Once negative tratium ions (polarizen or uppclarized) 'rere
sroauced, they were ¥#njected into a model FN tander Van de Graafi
4 by

accelerator. At the time these experiments were beaun, a body af (t,u)

data alreddy existed for, 15 !leV tritons.. To facilitate comparison with
14 ‘

‘these data,' the unpolarized (t,u) experiments into rhenium were Jone

with tratons of this energy. The experimints with polarized tritons were,
. . : .
however, done at 17 MeV incident energy because DWBA calculations and

previous experience indicated that the magnitudes of the aralyzing ﬁowers

increased quite.rapidly with increasing beam enerdy. This was the

.

maximum polarized-triton energy that could easily and reliably be

. ? ' . ¥a
with the LASL accelerator. - . * )

: A ‘ N
After-leaving the accelerator, the ions were transported ¥Om to

the spectrometer target chamber by a system of four'quadrupole doublet

.

magnets and three magnetic steerers. Flynn et al. (1975) have described
the beam transport system in. some detail. The end result was a bean

spot 0.75 rm wide by about-3gm high on target., Typical beam currents

.

achieved through the target wcrc_& 1.0uA for unpalarized triéons and’

" 50nA for polarized tritons. The accelerator tends to enhance the

» . -
* -

‘beam polarization, so the quench ratio measuréments were taken with a

v
.

Faraday cup after the analyzing magnet. The polarization’was in the

.

range 73 to, 80% fér all Os(z,af experiments.

3.2 Target preparation.

. . - . ' - L] s : )
Osmium metal in powder form was obtained. from the 'Tsotope Sales

Division of .the Oak Ridge National Laboratory. The isetopic enrichments

’



.
1o
o

of the sarples used to make taragts for the (t, . experaiments rere:

. 188 . 190 1020 e

37.7% for Os, 95.5° for Cs arnd 96.7 for 3. For the (L,.)

. - . . 183 . - .
axperinents, the sample enrichments were: 4.5, {or o1, 985,35, four

.19z . . .
and 99,13 Zor Os. The targets were made by vacuum evaporating the

b

' )
- . [ H . . -
osriu.l metal onto carbon backings S5C.¢g/cm thick. The thickness of
< . 2 . \
the osriu~ for the (t,0) experiments was Vv 50ug/cm”. Because cf the
N A

nuch lowey beam current avallable wlth'polarized tritons, the‘thicEness

. K - . . - . 2 -
of the osmlull for the (t,q) experiments was increased to ™ 150Lg/cm .

~ -

3.3, The Q3D spectroneter.

The Q3D spectrometer 1s a recent addition td-the series of magnetic

spectrometers designed by Harald Enge., It represents a considerable

. ‘.'& . . . ) .
improvenent over its forerunners in several respects: larger solid angle,

‘the ability to accurately compensate .for k;neﬁstie‘apezratlons, higher

L4 '

resolving power and larger dispersion. ' In this section the.design charac=-

teristics of the Q3D .which yield these properties will be discussed.
Two main types of Q3D spectrometer have been constiucﬁed: Type

. .

I with a maximum-to-minimum ‘energy ratio of 1.2, and Type II with

JE

E =1.5. The‘instrumcnt installed‘at the LASL tandém accelerator
max’ min R R .

laboratory is of t@g latter type, and a sthcmatié“dxagram of it 1s given

. A
.

in Fig. 3., There is a quadrupole. element followed by three dipoles;

hence the name of the spectrometer.

. . 2

The Q3D spectrometer was designed with g max1mum_sblld angle of

acceptance'of v 14 msrt, significantiy larger than that of any.earlier

s ?

N
N . r

spectrometer. 'This is a necessary feature whenever the intensity of the

-

reagtion products of lnterest is low, due to small reactioh cross sectiohs, .



i

Focal
‘ surface

Figure 3.
(top. view) . The mean particle radius of cuarvature
surface radius -is 215 cm.and 1ts lgngth is 240 cm,

.

is 90 cm,

the

Schematic diggram ol the l\pp I1 Q3D mlgnutlL spuutromLtLr

focal

AY



low beam currents or *hin targots. A large 30l1id angle rakes 1t w@3sibiv

.

te accurmulate a uscful amount of data 1n a reasohacle amount of time.

Toe energy of outgoiny particles depends upon the reactron ailyle, nowever,
Y J ¢ ¥ S

$0 a large angle o7 acceptance i1n tne reaction plane resu

b—

ts 1n kine-

matic aberrations. If those arc not corrected, different’ particles

[

leavang tie nucleus 1n the same state of éxcitation are not brougnt to

t:e same point on the focal surface by the spectoometer; this is called .
kinematic line broadening and it results in poor enerqgy resolution. .

The abcrration may be expressed as a polynomial in the angles of .accept-
ance, where the power of &he angles 1s the order of the alyrration. )

In the 23D, the entrangce quadrupole is focussing-in the vertical

direction, producing a cross-over between the first and second dipoles.

i

lear this vertical walst, corrccetions may ke made 1in the hprizohtal plane
without coupling in undesirable effects in the vertical directign. .

These "corrections can be made to fourth order by a rnultipole magnet w1th

~ . .
‘ .

components up to decapole,

.-

A spectrometer is initlally designed assuming infinitesimal spot

«

size ahd sqlid angle. Because both of these' are actually of finite extent,

-

another type of aberration comes into thHe system, adain limiting re-
solving power. . It is possable to correct for these aberrations by,ﬁsrﬁ@

‘suitably shaped magnet boundaries. The "Q3D has six Sffective dipole

boundaries, and the shape of cach .is-déscribed by a non-linear five

parameéter equation: ‘Hence much ficxiblllty was available for de-

sfyning the system in such'a way: that the gyeometrical abcrrations

: . /.
were reduced. Numerical calculations indicated that corrections could

*

I8

. .

be made 1n the dispersive plane tc fifth order in the soliad angle and

spot-size. .The optimum design values of the boundary shape paramcters



a2

b

. the focal surface, so that the detectiorn s

i . -
‘ »
\

N

. Y 0 N . ¥ ) ’
mininize the theoretical aberrations on the fofal surface. The actuual

“

.

energy resolution possiblé with the LASL-QSD, has
™ ‘ N

E/L. = 3200 for a solid.anyle of 14 msr (Flyhn et al
@ ) .o . ’ *
In addition to its focussing action in the vertical plane, the

o

entrance guadrupole defocusses’ in, the horizontal .(reaction) plane.

., i p
.

-

\?his increases the dispersion of the spectrometer, and, together with

o, -

the long particle path length through the dipoles, results in a dis-

- .

gcersion of 10.2 cm/% momentum. This figure means that two particles of

.

the' same charge dirffering by '1% -in momentum will be separated by 10.2 com
. AV a a N

- on, the focal surface. The advantage of high dispersion is that lower
plane dotector. Hence it

.

> spatial resolution is required of the focal

G

is possible to use existing electroniy detection §ystems rathdr than
14 ' .

higher~resolutzron nuclear‘emulsioné.‘ A disadvantage is that a typical

spectrum having a 3

1

st be quite iong Lf

the_entire spectr & he collected dt one time.

e . ' o -

v .
. . .

’

3.4 The.helix detectdr.

. * I \ . . ) N .
The particle detector used on the focal surface of the LASL Q3D

f . >

spectrometer is a helical-cathode position-sensiﬁiye proportional counter’

(Flynn et al. 1973, f}yﬂn ot al. 1975, Orbesen Eﬁ.ﬁi: 1Q7§). The helix .,

15 rectangular in cross sectién; and is. made from 75uﬁ diameter qopper

clad aluminum wire wound on an insulating frame with a pitch of- 1 mm:_

One side of the helix forms the rear cathode of the proportional cHamber;

.the:front.cafhode 1s a sheet of .2,5um aluminized polycarbona

f .
. .

te -and the anode

.

" MeV energy'rgnge may‘be sﬁread‘over,nearly a mgjmu;fn?“”yr

.

..':;’(:. .,

.

y?"l’? l:v N é,:m '_ri_;".:t.ft; e

-
P d L

R
s

>
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" to

consists of nine active coplanar 25um
d .

wires _running through the center of tho

cathode

consisting of 70%

5
7

3

and 1ts

N

o

a

Ar and 30%

. .
depending on the experiment.

2

When an ionizing

.

cthe reaction zlane and perpendicular

.active heignt is 3 em.

CO. to.a vressture

champgr.

to the

It -is

\
’

o

3

diameter gold plated

tunygsten

These wires ars parallcs

- . . . N - B . .
total depth of the chamber is 6 rin from tne front cathode to the
. 4]

wne

.

rear

particle passes through

of from 200 to 550 torr,

<

f1lled with a gas mixture |

the gas, a pulse .is induced in the helix, and is propagat®d toyérds LBoth

ends at @ rate of 1.5 ns/mm.

4

.

the pulse redcChe

From

s. of the helix,

along the focal plane is' found,

generalp

rlgldlﬁ] will depend upon the partlcle type,so by gating on the anode

31gnal partlcles can be 1dent1flod

©

~

i

i

"the difference in

.

the timés at which

\

the position of the particle

Partlcle 1dent1f1catlon is achleved ‘using two addttaonal‘pleces

e et

.

v

. . __;#_;waﬂ— .
<_’——;__*’_;__,_*04-&nfcfﬁhtlon. From the size of the pulse
, . ‘ L . C S

each event, the erergy loss in the chamber,

®

dE/dx, can be found.

In

v

partucles are stopped in a plastlc sClntlllator, an@ the resultlnq

- 1lght output is measured by two photomultlpllur tubos

o

n

.

The output

After pa551ng through the hcllx,

signals_from the'dynédes,are 3ummed and used as a MQasure of the total

the difﬁcredtial energy loss of’par;icles of the same magnetic

remaifing erergy of the particleq'ghereby providing dn additional.means

' for particle identification.

helix detector is

'

-

1

. v

-

In Fig.' 4 a block d;agram.of'the,elgctronics associated with the’

functions,

.

shown.

*

‘

the 51gnals fron the .anode, wirés and photomultlpllers are .
L

In addltlon to thelr partlcle 1dent1f1cat;on

induced. 1n the énqde wires by

used” to es}gblish ooincidencés, thereby greatlyareducipq backgréugd due
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-, dlsplayed partlcle groups 1n elther type of spectrum by mov1ng three
\ tour dlsplays. A quadratlc polynomlal 1s flt to the three cursox pornts-
T a gate has been set -on the alpha partlcles{ AlY. part;cles enterlng the

' 1nd1catcd, onLy the alpha‘partlcles were of 1nterest Although the alphas . Ca

3 appear well separated from'the brltons in Plg 5 the valley becamc less

LIS KD : L K . &+

44
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to gamma rays, and nehtrons. A fast_coincidenCe is required betwgen the-

photomul lpller anode s1gnal and the signal from the anode wires. The v

'anode‘w;re signal and.the summed photohultiplior dynode‘signats are put

through single-channel analyzers to eliminate low-level noise due, for
. i . . .

é§amble, to neutrons passing through the countexr or the scintillator.

i ° i . -

Then a slow coincidence is required among these two signals and the pulse

- résqlting from the fast coincidence. When all coincidence requirements

. B . .o Toat 0

are satisfied, thé,positiong dé/dx and E signals from thé'aeteotors

are dlgltzzed by elther a Tenhelec PPCE ¢ s01 or a Vlctoreen analog to—“

»

dlgltal condbrter SJstem and then read by an SDS 930 on- llnq'ipmputer

.

The coMputer lS canable of dlsplaygng three dlhen51onal plots

w1th dE/dx versus pos¢tlon or D Vversus posltlon, examples obtalned durlng

a (tra) experlment are shown 1n Plgs. 5 and 6. Gates may be set on

. ,
- RS

. cursors to: approprlate locatlons on correspondlng two dlmen51onal con-

\ . 2o B I _‘. .7_.\- . [ ‘h"D.‘ e
'

RN

and the resultlng curve deflnes a boundary betWeen two, reglons. In Flg 5, -

» C e

detector are represented oh thls plot but of the three partlcle types

) . e o
. ) - o , . PR

t ‘e . o
.

“' . f P . "t
L

. .
‘e N - .
. b ot .., >

dlStlnCt as more eveuts Wore stored In Flg..6, an E gate was set on the .
oot N e ’ . . -.\-

group c0nta1n1ng alphas and deuterons. If only evgnts occurlng 1n thls T ﬁ“

. . . [ -
-

e

.

gate are recorded‘ tha dD/dx spectrum becomes lL\e that shown 1n Flg i

. a ‘ " * =
.
. . o . Ly

the trltons have beén elmmlnated. It ‘is’ clearly a 51mple matter to C .

_distinquish between the remainipg deutaron and,alpha part;cﬁe groups..  °. s
B : RN Ta S . Sk
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Formoderate dount rates (the syster can ‘handle an event rate of 3kliz),
the 'resultinyg alpha spectra have little'omlng.background, as will ke

hd .

seén in the next chapter. At the end of each run, the position spec-

trun and related iﬁformation,(such as the monitor spectrum, see section

3.6, below) were priﬁted out on a fast line printer and also written

onto magnetic computer, tape.. . .. .

The experiments descgibcd in this thesis wére done using two . ’jﬁ

different models of‘helix detector. For the ekoeflments with unpolarized

-

‘tritons, 4 detector 50 cm in .length w1th the’ 501ntlllator behlnd the - ' .. o !

s
.

helix was used.. In order to observe states xranging 1n ener@y from 0 to.
3. dev, .1t was necessary to obtaln two overlapplng alpha spectra. This

was done by taking exposureSffoi two dlfferent‘positions'of the detector

N . . . .‘ > i " .. M . . . L. .
on the focal surface. By the'time the (t,d) experiments wére begun about

" one year later, a new‘ohe-meter iong‘counter’with the scintillator in-
v ' :

’

side'the helix was operational. It was possxble to collect the full

0y

reglon of exc1tétlon .of 1nterest in one step w1th thls detector. Tests

.

with.X—ray sources have shown the spatial resolutﬁon to ke Vv 0.5 mm~for
- . N . . . \-:r‘l . l./ ; , . »
the 50 cm-and v 1.0‘mm for the one meter helix., Observed spectral llne'

WLdthS are somewhat larger than theSe Values, so the detector lS not

the. resolutlon—llmltlng factor".ﬂﬂ
' P > . N ) v “'._ ‘ _-. . "'. ..‘ K
. 3.5 ‘bneigy caliliétion,' . I
[ _‘\ . B . . "‘

' Due to small varlatmons 1n ampllfler gains and Sllght nonun;— :

~ B . N
o

formltles in the hcllx w1re, it is not pOSSlble to accurately obtain’

5 -
!

ab°olute p051t10n 1nf0rmatlon from the hellx detector. The'detector

. . ¢ M
¢ . ‘ ' N

. must therefore be callbrated In the present case, th;s was &one by . ‘ .

o . 166 N e ST
first pe:formlng the Er(t al Ho reactlon, whqse Q-value'ls slmllar . _—

) T L P . A
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. ... 188 "187 o P - L
to that for the Os(t,u)”" Re reaction, and is accurately known. The ot

Cyed . - 165 . - , : N
excitation energies of states in Ho have previously been measurcd

(Wagner et al. 1975), so the enérgies of the resulting u-particles

could be calculated using standard kinematic ,equations. 'Then, knowing - . <

* . .

the magnetic field through which the particles\passed, theif radii of

curvature, p, were calculated. From these values of o €nd-the mean posi~- -

A

tion of ‘the corresyonding particle groups inm the spectrum a quadratic

\polynémial reléting.p to channel number was found by qleast.squateé.fit

routine. This'polynomialtwas-then'used for the,reactions into the

rhenium isotopes to calculate Ed‘values and hence excitation ehergies. ) :

“Since the Q-value of the %66Er(t,a) reac¢tidn: was about 100 K2V too low

. ..u.' . ) ) .18'8' . ’ . .
for a complete energy overlap with the ~ [ Os(t,d) reaction, known levels
SR Ty A T . ' S |
up to v 400 keV in Re weére also used in determining the calibration . .

polynomial.  This procedure was followed for the'unpplérizéd {t,q)-

N

"experiments, and the energies were, compared with known values for,many

187

- .

_the - ” -

. levels above 400 keV in Re,” and with those foghd~fo:'189Réfin

1971 study. Good agreement was observed in all cases. Because the targeis - i

.. ) 5° “.‘ B . . . ./v R ' Rt . ’ .ot . ) o
for the (t,0) experiments were about three times thicker than those for
the.unﬁola;izea.experiments,'tﬁé gespiution was significanily_poorer.

-

' Consequently, ng accurate energy ‘calibration was attempted, and the, h
enérgies obtained from the higher-resolution experiments with unpolarized
beams weré "adopted.. | =~ - A e o e s o .

. 3.6 Cross section normalization. st R T -~
To.determine absolute; cross sectidns, the observed particle in- T
. N ’ A R . -, . C e Rt L. o . o 1‘:"
tensities must be normalized to a known quantity. In the LASE Q3D, a “
. “ . . e T N . : . L . o . ";'-_.'
. s 3 &
. . L L
.{/’* i ) , ’ -
S ‘ ) - . . . N
. ’ o
N [ . R
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. If Nr is .the number of counts in.a peék, the reaction cross section is

BRAF TR,
-, Pt %
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cpoled'surface‘barriet detector is mourteéd in the target chamber to

i

.,

monitor the number of elastically scattered particles.- The energy'spectrum

From this detector is accumulated during an experiment, and the number

of counts in the peak correspondlng "to trltons elastically scattered

in the target material (but not in the carbon backlng) 1s obtalned

Once the geometry of the detectorh the solid angle of the spectrometer

and the efficiency of the helix detector are known the absolute reaction
cross, section may be calculated for each' peak in the position spectrum.

s

.

-

Syl NORM 1 : : o

.o
B

If the helix detector is asspmed to he 100% efficient (approximately.

true for low count rates), the normali factor, is given ‘by:

NORM

s

o fas T
YNore = dQ (' )

mon

where ( a0 (0 'i) is the elastlc cross sectlon at the angle of the
. 1 . N . .

monltor detector (usuaiiy gLven by an optlcal model calculatlon), dQ on

"and dQ- .are the SOlld angles of the monltor ‘and spectrometer,'nép,is

3 - o
¢

] the correctlon factor»for computer deadthe, Nmo; is the number-of‘elastic,f

) ) Uy . . RO L . .
eVents (corxected for monltor ADC deadtime) and g lS the 1sotoplc en-

< .
N N .«
.

rlcﬁment\of the‘tqrget. Theoretical_cross sections are‘nqrmally.calcu~

R - .

‘lated in the center of mass coofdiﬁate.systeﬁ; Egs. (60) and {61) gife ’

1.

.

the experimental éross ‘sections in the labordtory. system. Thus an . . .

T
[N
v

/dc) =Y N . S (e0) T
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N

additional factor_ﬁhst be applied to the experimental results before a

comparison can be made. For experiments of the type reported herg,.this’

. . ‘
+ . . ~

factor is close to unity.

There is also a Faraday cup in the target cnamber which stops ‘the

unscattered beam. It provides an additional check on the monitor detector,

since if there are no chandes in the target thickness during an experiment, .

the ratio of the number of -elastic events recorded by the monitor to

5

integfated beam current should remain constant, This.was observed to be

the case to within v 2% auripg the experiments described here. For the

unpolarized (t,q) experiments, the monitpr'detector vwas mounted at emon

‘.49 . - & , » 1.0 Lo
=457, whlle_;n the (t,a) ext riments, it was at 6m0n=30 . In both cases:

its solid anglé of acceptance was d@hén=0.0866 msr, and that !of the spec-

-trometcr was df. sp © M mszr. T e ‘ -
rr‘he relat1Ve eff1c1epLy of the helix detector as a ﬁunctlon of
posmtlon along 1ts length was tested by Stepplng the detector along thé
{ * .

f0cal plane, thus gxp051ng Succe551ve parts of it to a strong partlcle

group. In th15~way, it was learned that the eff1c1enc1es of both hellx‘

detectors were cpnstant to within + 6% éve;_the'entire length ecxcept
" for a few centimeters near each end. Only the region of constant effi-

c1ency-was used for collectlng data to be analyzed

0

’

On the basls of dbserved repeatablllty of experlmental cross

. .
i

-‘Qéctions, thelr relatfve errors are estlmated to be + 10 and'thelr

. absolute errors - 15% . _ ot e
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CHAPTER IV

.

EXPERIMENTAL RESULTS ANDKDATA ANALYSIS

L]

1.1 Unpolarized.(t,a) results.

In the 1971 experihents, data were obtained at 9 =.4SO and 60°

. ) ' o . .
for 187Re and ls?Re. The results for l§ 'Re have not been used for the-

.

: . . : < .= 189
reasons given in Chapter I, but the energies measured for Re have

- 3 . . .
provided a check on the more recent data. ) . ,

" In 1975, ‘spectra were acquired for all three rhenium isotopes

. at the laboratory éﬁgles ﬁ‘=_30; 40 and 50°. Grouhd state regions ‘werxe

obtained a§~ail three angles,” and excited state regions at ope or more’

. . ’ AN L. . . .
angles for each isotope. The energy resdlution achieved was in the range-

. 8-12 koV (FWHM). The best spectrg~fdr'eaqh isotope are shown in Figs..

8, 9-and’10. To facilitate analysis, the spectra were smoothed using a -,

standard method {Bevington i969). This consists of ﬁaking half tﬁq‘counts

in a given channel, adding.one quarter-of the number of counts frdm each:,

¢

adjacent chahnel; and putting the total back into the initial channel..
The process is repeated for each éhannel in the spectrum. This proce-"

dure does not change the positions 6f the centroids nor thé peak areas.’

. o s ‘ ‘e . . . L . R ‘
It may result in slightly poorer resolutien, but not significantly so \

. i

in the preseﬁt case. Aftgr shpqthiné,‘the spectra were aqalyéed us ing
program SPECTR on, the McMaster University ¢oc 6406 COﬁputer,(O'Neil 1970).

This is a fitting prdqram:whicﬁ'USes a standard 1ipe-shapé (determined

»from a well-résolved peak in the spectrum) to find peak centroids and

areas. Excitation energies and cross sections were calculated, and are

»

1
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given in Pables 1, 2 and 3. 1In Table 1, energies of fevels in Ra °

founé by other researchers (Ellis 1974) are given for comparisan witn ’ -
the present results. The assignments indicated are those made in.othdr

: . 189 ] .
studies., In Table 2, eneraies for Re are given from the 1971 study v
using the Elbek-tvpe spectrograph, and energles and ‘cross sectiohs are

given from the 1975 study using the Q3D spectrometer. The average ener-
L T 191 . . -

giés obtained for Re are given in Table 3. 1In each case the (t,x)

cross sections given correspond to the spectra shown in Figs. 8, 9 and

10, 1In all cases, the energies at different angles have been checked

- for systematlc shifts whlch would indicate that the assoc;ated peans

were due to impurities in'the targets; none of significance were found.
The estimated errors given,in thé tables are based upon observed varia- .. o

tions about _the mean values and where possible, upon’ comparlsonawlth

o’ . . . . -

¥ decay ‘aata.- . L B C C e,

-
o

. & .

-Ground-state Q—valueé have been calculated for each of ‘the three

reactions studied, 'and are_giVenlin Table 4. These reeults have essen:

N
°

t;a%ly utiiizeo the'ptecisely known 166Er(tq})lésuo Q%velue_as a

standard qe'deetribeo‘;n eeotioh 3.5.° The egrors in the Q;yalues_in
Tab{ex4 are eétimateq from @ﬁé’vaiiatioﬁé inhthe:values mahing up "the
aVé%&Qe*presented’for each isotope._ Ptevtoﬁs valueé end their erto;s

are from the l97l Atomlc Mass Evaluatlon (Gove and Wapstra 1972) The

f &

- 188 ¢ N '
prev1ous value for_ Os(t a) is accurately known, and the present value

.. ; " 1 °
"is in good agreement wlth it. For 9~Q(,)s,(t:,(jt) the erfo; tor the prev1ous .

. s
P a . . . . .. . 0
f . N

valne is larger than that for the present,:but égafn thefagreement‘is

good. Plnally, the prevlous Q*value for lgzOS(t ) was EStlmateO from

.
1 . .
. .

' systematics, and therefore’ may be in érrér by'seve;al hundred kev. .
. . . . .

Wt




Table 1

.,  Energies ané (t,a) Cross Sections for Levels in

87Re (E =15

-

MeV)

57 °

(50°%)  (ub/sr)

'Ex§itation.Energy (ker;) . b dg
Previous Work Presont As51gnme§t . . a
” o . 0 5/2 5/271402)
134 "133 7/2. 5/2" (402]
206 207. 9/2 9/27 (514]
: 301 303 0/2 5/2%{402)"
"390 389 11/2 /2 (514)
] ... 512 514 1/2{1/2% (4003 + 5727 [402],2")
589 so1. - .372{1/2"(400) + s5/2¥(402},2"}
618 ° . 621 172,372 1727 (a11))
773 o ’ (3/2 372" [402]
" 817 817 s/2,-7/2 1727 1411)
865 “ sed  3s2(32trmn + 127 (a00),2%)
880 878 (5/2.372" (402}
. 948 .
Co9r9.
. 1187 1189 . '
- 1200 1200 972 1/5‘[541)),
1208 - 1211 (11/2 11/2 15051 )
] 1233 1232 ' }S/éfi/27[5411) ’
1458 ' S
1488° - . 1484 lu.'-' -
.0+ 166l '
= 1789 ‘

© 1790

. toe

137

130
" 83

Q9

17

i1.s

8.8
19

14.9
. 8.3

10.8
19
38
37
100

a?-Energies up to l4QO'keV-ére'bélieved'accuratg to + 3 keV and those -

above 1400  keV to & + 6 keV.
a.." , »

b)Fxom L& and Alford (1971).

.o~
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Table 2- o : :
. R : . 189 .
Energies and (t,a) Cross Sections for Levels in Pe ’Etflo tev)
. .

. Excitation Energy (keV)

1971 data 1975 data®’ . %%—(400) (Mo /51)
0 0 . 153 ) B
_ 125, . 4.3 "
134 { o .
146 : 2.1
259 260 S 135
277 279 T IN
304 303 4e T .
483 481 105
500 501 . . 50
598 599 3.9
640 640 18
668 " 670 : 20 . S
696 697 47 ’ B S N
847 . 852 Y ' S '
876 877 ... - ‘19 :
1096 1097 © 9.3 .
1224 1223 _ 50
1308 1308 . 25
1393 1396 S 22 .
1422 . 1423 N . e _ :
. 1s02 L 31 ' : - - E
1624 . 1632 11.6 : SR
1917 . 1916 . : 19 ‘ N B
(1951) - 1959 . D 11.2

)Errors_on energiés up tob 1500 keV are estimated to be + 3 keV. Above

1500 keV, they may be # 10 keV,




a)

Energies and (t,u) Cross Sections for Levels in -

«

; . a
Excitation Energy, (keV)®

0
27
97

145
227
254
264
285,
299
449
521
‘550
555
606
< 622
627
741
758
799
832
858
876
1004
1015
1064 .
1112
1128
1145 -
1229
1243
1367 -
1408 -
1468
1524
1560
1663
1715
1835
. 1904
. 1937

)

Table 3

l . ‘ .
91Pe (Et=15 aV)

do/d0 (40°%) (ub/sr)
\\
‘134
20 -
174
3.6
79
1.7
. 4.6
137
11.7

[ 8] = W
o
W = [ IV RN IS, BN

[l )
BN ON S WL D

Errors,on energies up to 1300 keV are estimated to be + 3 kev.
Above 1300 kev, + 6 keVv.
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Table 4
g

Ground Staté Q-values

‘Reaction . Present ?alue (AeV) . Mass table value (Mev)a)
18805(1:,00 187R.e‘ 12.60-4 + 0.010 '. 12.6055 + 0.0012
190("35(“})-18_9Re 11753 0.010 11734 £ 0.020 :
19205(t,a)l91Re . 10.993 t.0.015 . | ll.l40b)

a)Gove, N. B. and Wapstra, A. H., 1972. Nucl. Data Tables 11, 259-261
B Value estimated from syst:ematics, error may be several ‘hundred keV.
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The present value is 150 kév lower{ an@ muqh'more precise.

On the basis of relative, (t,u) cross sections, systcmatlé'energy
trends 1n the odd-® rhenium isotopes and the results of an early Yy-decay
sgudy (kuaraneq and Ihochi 19é5), it was poessible te suégest some assign-

. 189 . . o :
nents in 1 9Re (Hirning and Burke .1976). Three alternative level schemes

. L 1 ‘
were also suggestéd for low-lying levels in 91Re. Because the later

N . ) .
(t,a) data provided much more direct evidence.for level assignments,
the arguments leadihg to the earlier conclusions will not be presented
here. Let it suffice to say that most of the conclusions of the 1975

study were substantiated by the results obtained in 1976.

4.2 Polarized (t,da) results.

B

- Data were obtained with a polarized triton beam for reaction

angles from 15° 'to 50° in 5° steps for all three rhenium isotopes,

187:

and also at'GOo for Re. The lower limit on the angular range re-

sults ﬁroﬁ the inaﬁility of the particle identification system to func-
tion well with the very.high particle flux incident on the detector at

forward angles. For 8 < 150, high background and poor resplution re-

sulked in an.aipha particle spectrum that was mnot usable.'.Thé problem

. -

could have been corrected.by greatly reducing the beam current, but. the

time required for each run would then have been much longer, and it

would not have been possible-ﬁo obtain data at as many éngles in the
I3 -' . ’ . ‘ : . ) . . .\.:ID ‘
limited period available. The upper limit on the range of angles was

2
14 N hnd .

chosen because there is.little structure in the angular distributions

at larger angles, and the cross sections decrgése rapldly. At”egch

angle a spectrum was acquired with the triton spin polarized down, then

Y e e .
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“ -

with it polarized up. The beam polarization was measured before and

arter each run, and was found to be the same to within ~ 1% in gl} cases.,
The spectra obtained at 0 = 50° aré shown in Figs. 11, 12 and 13; the
. ! . .
ressLution is v 20 k=V (FWHM), and is typical of that achieved at all
angles. These data were, originally collected ln‘a 2648 channel spectrum;
they have been compressed to a.1024.channel spectrum by summing adjacent
channels and aiso smoothed in the manner described in the last\section.
Thig procedure did not result in any apparent loss of information.
,Analyzing powers and unpolarized.cross sectféns'were extracted
from the déta using two computer programs written for .the purpose. The
first program, called MANIP, réad.two.of the original spectra from
magqetic tépe} these were specif%ed to be a spin ué and spin down spec-
trum at the same anglé. These spectra were then gunched (réduced to 1024
channels), smoothed and sumﬁed together to produce a third spectrum. The
.resulting'three spectra we}é printed and plétted. Usiﬁg primarily ;he
summed spectrum, (which approximately corresponded to an unpolarized (t,u)
spectrum) gate.régioné were set by inspection'én those péaks‘which were
well resolveé of strongly populatedt The gaté limité and smoothed

spectra, along with the information needed for cross section normaliza-

tion, were then given as input to a second computer progfaﬁ, called POLAR.

" This program calculated the cross sections of the gated reéions for each

spin orientation using Egs. (60). and (61). From this information, the
‘analyzing powers, and unpolarized cross sections were calculated, along
with their statistical errors., using the equations given below.

The expression ‘for the analyzing powe} may easily be found from

ey

£
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Excitation Energy (keV)
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Figure 11.

—

e . ' v
The (t,u) spectra for
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Re at a reaction angle of 50°.
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Figure 12. The (E;u) spectra for 18

9 o -
Re at a reaction angle of 50°.
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Figure 13. The (t,a) spectra for -~ Re at -a redaction ‘.:mglc of 350°.



Eg. (59a) to be

where the dependence on § has been left out for simplicity. The conven-
tion is for particle detection to the left ~of the incident beam. Since

in the LASL Q3D spectrometer particles are detected to the right of. the

(62)

66

ipc1dent beam, the sign ofj\y as given by Eq. (62) is reversed. Assuming

normalization factors and absolute polarization to be the same for both

spin orientations, the error in the analyéing power 1is approximately

Ao

'._1.;£ L2
N 14

[

>

1]
'Ulll-‘

N +
+ -

where

1]

1
—2" (P+ -+ P_)

is the average polarization, and

N - N -
+ .

N + N
4+ -

(63)

is an asymmetry parameter. The N's are simply the original numbers of

counts in the peaks. The unpolarized cross section is given by

do do S U
ao’ P+(d§2) * P-—(dQ) . :
.= T

L dal 0 - P, .+ P i

~

(64) .
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and the as<ocrianed :rraxy is

2 i 2 1/2 ~
-\ ~ o~
Y \%ﬁ; = ‘% ‘A 3§i) ]. - !L zg?\ } . (65)
O - AN

The errors in the polarized cross sections are given by the usual vil rule

for Poisson statistics.
. . ‘ &

Angular distributions of analyzing powers and unpolarized cross
sections.are shown in Figs, 14, 15 and 16. Thé errors in cross sections
indicated in these figures are either from Eq. (65) oxr 1l0%, whichever is

. . ¢] . .
larger. The unpolarazed cross sections at € =507 are also given in

Tables 5, % and 7. °

4.3. DWBA analysis of (E,a) results.

The anguiar distributions of analyzing powers obtained for levels
oé known spin and pariti inll§7Re show a definité dépendence of.shape.and
m;géipude on the trgnsferfed j~ and &- Vaiues. In particular, the
results obtained for the known 5/2 5/2° (4021, 11/2 9/27(S14], 3/2 1/2" (411]
and 1/2{i/2f[400] + 5/2+[402],2+} 1evglé provide characteristic (or
ﬁstandard").shapes‘forlthe four valucs‘qf 1" fépfesented. 'The,shapes
of the distributions of unpolarized cross sections aé; léss distinctive,
but there are'soﬁeisignificant:éifferences; these will be discussed
béléw. Since the-analyzing powers and-unpolarizéd Eross sections are |

.also dependent on the Q-value of the reaction, it is reasonable to com-

pare the distributions of unassignzd levels with those of known states
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only when their Q-values are similar. In order to;assiqn Iw_vqlues

to levels having Q—valdes considerably different fxom those of the stand-
ards, some method of ﬁaking into account the @ dependencce of the dis-
tr%butléns must therefore be used. 1In the present work, 1t has been
assurmed that the Q dependence could be adequately reproduced by DWBA
calculations.

N

' First, it was necessary to fand a set of DWBA parametegs which
could rep;Lduce the experimental results for known levels. Several sets
of optical model parameters obtained from elasfic scatteriﬁg experimen;s‘
Qe;e available 1n the literature. Parameters potentially suitéble fgr'
thé present reaption wére g1§en by ¥lynn EE,EE:}1969) and H;rdekopf et ii-*
(ié?S) for trltoAs, and by Mc?a@§en and Satcﬁler (1966)‘f9r.alpha éar;

ticles. Using the computer program DWUCK4 (Kunz 1974), DWBA calculations

were done for all possible combinations of these parameters. The'pre-
. . <« '3 .o

dictions of the calculations were compared to the gxperim tal results.
for the four known levels listed above. The #est o;eg li agreenment
_was achigved-uéing the parameters given in Taﬁlé_B; the triton para-
meters age from Flynﬁ et al. (1969), except for the depth of thé spin
orbit potentiél, which was sugqestéd Qy hardekopfgﬁ_gl.(l975), and the
alpha parameter set is orte of the four given by McFadden and Satchler
(l9é€). "It was foqu that the resﬁlts of the.calculatipn were fairly
Coa .
lnsensitiye to the chélce of the alpha.paraméter set;:this is.in con-
trast éo the findings of Flynn et al, ﬂl976). 'Thc,zéro-}ange approxi-,
mation was maée, b;t a non-local correction (sece Eq.‘(54)) was ipcluded,
with non-local parameters 0.25 for the incident triton, 0.20 for thg 1
émergentalphéparticle and 0.85.for.thg,transferred proton (Kpnzil9;4).

¢

A



Table 8-

Optical Modél Parameters used in DWBA Analysis

SO
SO
SO

OocC

PNLQC

b)

VSOR

a)

b)

-24 .

Varied to reproduce the proton Linding energy.

752

.498

817

.16
.752
.25

.25

&

~249.5
1.236
0.592
-27.5
1.236

0.592

1.30

0.20

Thomas spin-orbit factor

[ige]

a)

1.25

0.65

0.85

8.0

82



In an earlicr proton transfer experiment (Lu and Jlford 1971) 1t was
found that better agreement was obtained between theorcstical and exjera-

3 . . . - -
mantal (THe,d) angular distributions 1f a lower cutoif of J.6 £m were
& . .
usad in the radial integral (Eq. (52)). In the prosent case, several .
£

I
values for the lower cutoif were tried, and the best agreement was

~

’
cbhtained with no lower cutoff. =

The results of the DWBA calculations are shown as solid lines in

. 3

ig. 14. Agreement between theoretical and experimental analvzing

13

+ - +
powers is very good for the 5/2 , 11/2 and 3/2 standards. The agree- <

. o N

. + co ,
ment 1s not as good for 1/2 , but the DWBA calculation does correctly

predict small magnitudes for the analyzing power at dll angles. '
. . ,
t was mentioned in Chapter I that the~éross section angular

distributions for the (t,n) reaction have not shown much variation from

one {-value to another. Figure 17 shows the distributions predicted by

DWBA for 2=0 to 5 for the 188OS(t,Cx) reaction at Q=12.0 MeV. The shapes

.

) Coo N . . o .
are not very dlstlnctlvé)for reaction angles 'V > 15°. It would cvidently
havé been useful to obtain data at smaller angles, but this was not pos- . .

: - . : . o)
. sible for the reason given in the last section. For-§ Z 157, then,

.

the 250, } and 2 distributions are seen to have very similar shapes, as -

-

_do those for L=4 and 5. There is, however, some difference between the two
érqups: the ﬂigh—ﬁ transfers exhibit a forward minimum whilé the low-%
transfers do not. The shape of the £=3 distribution is intermediate ) .

between £ =2 and 2=4. The theoretical angular distrabutions for =0

.

and .2 agree quite well with experiment; that for £=5 does not agree very

well. The forward minimum for the high-2 transfer is experimentally

v

found to be less decp than predicted. The difference in shapé between
-, » . ‘

e . )

- N . N
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)

) 18805 (t,a)%"Re
- | Q=12.0 MeV
10°f . S

RN N=7.0

1021

| L 1 L I ! 1 1 1
0O 10 20 30 40 50 60 70
" Bem ' :

.
’

Figure 17. Unpolarized cross section angular

distributions predicted by DWBA calculations
188 - . 187 -. , .

for the T0s (17, ) Re reaction for 0-7<6.
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expect from the DWBA chlculqtioﬁ%.-\Nonetheless, it i3 sufficient to .’

be observed experimentally for»well—resolbéd~l

AN

~

~

evels.

\‘.*-

hiéh-and low-% transfers is therefore somewhat smé@ler than one might

n
g

A m

[

The procedure .for assigning j- and £- values to levels in the . . e

three rhenium isotopes was as follows. ‘For those levels which were well

‘résolved and strongly populated, it was usﬁally found that the analyzing

t

A

power distribution matcthied only one of those given ‘by DWBA at the appro-

.péiate Q-values; hence & uniéué I1T assigpmeht wég_imﬁediately possible.
In less clear cases, thé analy;ing powers determined whethe; j=2+l/é
(Ay preéqy?haqti& positiyé), 5=£—i/2 (Ay predoh%Péﬁtly'negative).or
2=O(Ay v 0). As well, the shape of the cross se

bution often restricted.the possiple {-values to eithex % < 3 {no signi-

N
A
=,

.

ficant forward minimum) or £ > 3 (distinct forward minimum) .

this reasonihg, the possible“aésignménts for a given level could usually

.

ta

ction angular distri- .

Using

¥ -

\

\ . . ~t

be Limited to two or Ehree'altefnathes. In séme cases, Qhere one of

the possibilities looked much more probable than the othe¥s, a single
. i o
tentative I value was assigned.
. ; . ~. . )
distributions of analyzing powers and crossg sections are given in column

- 2, of Tables 5-7; note that Ehey are fndepepdent‘pf any nuclear struc-

© ture model.

’

i

-

Assighments made on the basis of angular

~
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N\
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CHAPTER V

INTERPRETATION OF ' RESULTS

For fﬁehium, with atomic number 75, neither the spherical shell

model nor thé Nilsson model prédicts any low-lying proton hole states

'1éving £=1 or 3 which Qould’beﬂstrongly populated in a single particle

transfer redction. On the basis of this very general observation,
it is sometimes possible to choose among several tentative assignments

for a gi&en level. For example, .the sbin and parity of a low-lying

. - _ N o :
strongly populated level may.be limited to 1/2 , 3/2 or 5/2 by'its angular

distributions. (Here, and henceforth, "angular distributions” refers

o .

to both analyzing powers and cross sections.unless otherwise specified.)
Since one' does not expect to find any«significdht f=1 or 3 strength at

. . . + . .
" low energy, the 3/2 assignmént is the most probable of the three.

\

. Where this reasoning has been applied, the model-dependent choice is
indicated as a tentative'assignment in the Ehifd'coiumn of Tables 5,6

and 7, . L .

<
5.1 Nilsson model calculations,

i

Previous studies of the light odd-A rhenium isotopes (e.q. Lu -

~-
I
\

states can be described quite well by the Nilsson model. In the present

Qork,,an effort has Eherefore.beén made to interpfet levels in %nge'
191 . LT T . ' :
and "\ Re also in terms of this model. Calculations have been per-

.
o
-

formed us'ing a slightly modafied version of the computer program UREAT
} v .
\

86

and Alford 1971) have. indicated that most of the observed single particle’

\\\\\



{O'Neil 1971). . First, using a routine due to Chi (}966), the Nilséon

wayefpnctions were calcylated. Then, following the theory outlined in

.
.

Chapfer IT, the effects of the ‘pairing interaction and Coriolis band
R . . - - . - .
mixing were simulated. The resulting perturbed energies, nuclear struc-
* L) s 1 Y

.

ture factors and cross sections could then be compared with the experi-

mental resultis. )

A . ’ &y .
D | K - . ., o ., . .
The Cj‘ expansion coefficients of the Nilsson wavefunctions
» .

. ~
s

L S e ok

(Eq. (19)) were calgulated assuming a simple quadrupole deformation. "
. . . :' .\ \.',,

' L Lo »187_ ' wE

Values. chosen for the deformation paramete¥ were §'= 0.20 for Re, RSy
. X . . N .. . - . . . ::f
189 e, 191 N . A
0.18 for Re and 0.l6 for Re; the choice is not very critical be-, . Lo
cause the wavefunctions do not depend strongly on § for deformations of !
this magnitude. The Rpfeﬁtial ﬁarameters K.= 0.062 and u = 0.614 were’ L {%%‘
— - f%

adopted from Nilsson et al. (1969). . .o : £
. ‘e — - f . - . ¢ 5
For the pairing calculations, the diffuseness’ parameters, 4, . Eﬁi.

) : , ' ’ . X
: 188 199 , " S 5
used for Os and os were 0.85 and 0.95 MeV respectively, taken from . ;@i
N . . a . : . f M
Fig. 5 of Neergard-and Vpggl (1970) . . A value of 1.0 MeV was used for T
. 3 . - ‘ ' .‘,1'7::"&;}-

- 192 : L s v TR
.77"0s. The Fermi energy, A, .was set at 100 kV above the'orbital form- )
' . : ' . . ’ . ANy

. . . . . . ., ~.v:‘;5h
ing the final ground state in all, three cases. This is a reasonable . Jég
» . - i : ) - ':,::5
estimate .based on systematics, and again results are not very sensitive ‘_§i
' - . S g 3
s ' . N * :s‘,‘,;k
* to the value of this parameter (cxcept for cross sectians to the ground LR
\ . . . o, SN . : AN _' S - , . s ..”}iit:
state band). ) . ) . . TR
The spirit of the Coriolis coupling calculations was not to vary ., ° ol
. ’ ' .. . S ' B
. . " . ‘ . , . ::;): ~
all the parameters possible in order to get the best fit. No fitting ‘ ﬁ%
¢ . ' . LG,
, ‘¥
. o : ., T . o
procedure was used. Only the .unperturbed bandhiead energies and rotational ﬁﬁ
parameters were systemftically Yariea in an attempt to reproduce the %%
> observed spectrum, All other parameters were fixed at "reasonable" values, 'gé

v

s “as
ot

v
‘
.
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e
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b
o
Sy BN wind,
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the Nilsson model..

190,192

¢ -, .
. : N ., . i \éfi
&
i ¥ . }*kq:/*
. Co ~
= . b
usually taken from the literature. All Coriolis matrix elements were °
. . - - . .

"-ﬂ-o\'\

‘- attenuated by 0.75,'a factor*which has been found necessary in othbr..

X

studies (e.g. Cheung et al., 1974). Those. states which were not.assigned,

2

but whic¢h were expected to be significant in the calculation, were given

energies consistent with systematics inffhe rhenium isotopes, and with

o -
It was, discovered that in order to approximately reproduce the:

3

. . : ¢ : ’ . 187 . .
experimental cross sections for known levels in Re, a normalization

factor of N=7'was required (Eq. (48)). The theoretical value for this

: factor (Kunz 1974) is N=23. Other researchers have obtained bfjger

~

- hgreement between DWBA results and their data if larger normalization

a

factors were used for the (t,%) reaction. A value of N=54 has been used

for thewzosﬁb(;,a)207Tl reaction (Barnes et al. 1970) and N=34 was found to

be suitable for the 210

Po(t,a)zogsi reaction (Barnes et, al. 1972). Actofd—

ing to Eq. (55), the @heoretical”nofmalizatfon factor ﬁor'the (o, t) re-

action is N=4é. ‘Again, researchers héve found that much higher\vdlues

are inéica;ed experimentally; Price et al. (1971) used N=118 for thq'

191'193Ir reactitns. Analysis of data for the 16

. ' -

reaction (Lgvhgidén et al. 1976), which were acquired at the same time as

Os (o, t) 6Er(;,a)l65Ho

. :_}'_ . . - . .- 1 .
the Os(t,a)Re data, have similarly indicated a low value .of N (N=10.6) °

. . . i \ . .
is suitable if the same opticalrmodel parameters are used-.for the DWBA

calculations. The differences between theory and experiment are not
4 - . * .

A . o~

regarded as a serious problem sinte the value of N required for these
reactions is stfongly dependent_upon the choice of optical model para- °

meters, and the relative cross sections are thé'quantitieé which gre

)

- most important. - a '

LY
x§

&7

. tikaivl




Once the normalization factor was determined, the cxperimental

nuclear structure factor could be calculated (Lze tgs. (46) and (48))

for each case where a unique spin and parity were assigned. These are diver

o ocolumn & of Tablaes 5-7.

3.2 Level s an 137Re. .

ilost of the ievel assignments for 187Re indicated an Table 5
have been adopted from previous studies. The 18805(2,@)187Re reaction
was regarded primarily as a test case for the reaction process. Noﬁethe—
less, several new assignments have been madé, and it is of iqterest to
see how well the experimen£al results gompare with model predictions.
The unrolarized cross sections and nuclear structure factors predicted by
the model are compared with khe experimental values in Table S, and the
level energies from the model calculations are compared with experi-
mental cnergies in Table 9. Th; lattexr table also gives the rotational
paramcters and decoupling parameters used for cach band. It may be seen
that the energies correspond quite well, with the exception of the |
1/2-[541] band. The decoupling paramcter predicted by the model for this
band 1s not large enough to produce the inverted order of the 5/2°
and 9/2- band members, which were tentatively assigned by Lu and Alford

4

(l97i). 'Beca?se this band mixes very little with others included in the
éalculation, the possible disq;epan;y does not afféct the results for
other levéels.

The first three members of the 5/2+[402] ground state band are

187 ‘

chserved 1in Re. No strong mixing is predicted for this band, and the

theoretacal and experimental nuclear structure factors are in good

“
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Table 9
. T . 187_ .
Comparison of -experimental and model energies for Re

o Model

et

_ Experimental 5., ) 3 .
Orkital 1 ~__energy (keV)- Energy (keVv) R7/25(keV) . oa . v

572" (a02] s/2% - o - o 20 T -
Tt 134 . Coa T T - "
_ 92" . 300 - . s4
9/27[514] 9/27 206 . - - 208 20.5
' 11727 390 ~ 386 } .
w2t - 12t veas. . e .22 ©-1.03
' 32t e el |
- Vo N s 811 : o : '
: L 7817 % . S -
7727y 814 : - | . s
32tra02) 0 3/2hy 173 R TER 19
g o (s/2h) " 880 © . gss _
2wy, ., 12t . | 753 : 20 _
11/27(5051 1727y 1211, . - 12000 20 . S -
127581, L (5727 1232 : 1282 T 20 418 :
| . (9/27) ‘1200 . - 1385 - L ' CL
: 7/3f[52§} w2 1790 D02 - 20, . o Coeo
1/2% 14001 w2t Y %01 ., 20 0.42 . T
372t (411] 3t s © . as00 L 20 ' ‘ 5
5/2" [523] 5727 % L C T 2659 . 20 . ‘ L
5/2" (4131 st " 3001 . - 20 : Lo
3)5'[541L . 3727 . x Y o 3131 - - " 20 oL o

1/27[550] t1/2 * .- 3250 : .20 '—5.8i> e

—_—

-

* Not experimentally assigned, but included in the calculation.
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.

agreement. Several small peaks which do not correspond to any, kﬁqwn,

187 ) : I "
levels in Ra are observed in the unpolarized (t,u) spectra ‘in the .

' L . . ) + . 189
reglen of the ground state band. The 'target had a 6.7% impurity of Cs, 406G

J .

the ground state ¢ value for lsgcsjt,%)ls Re (Géve and Vapstra 1972}, is

about 50 k=V lower than that. for lgBOs(t,a)187Re. The first of the un-

v . :
. . PN
B

ident%fied peeks occurs ar an apparent excitation eqergy_of 46 kev in . .
.1§7Rey SO these are believed to be due to 18.8Re. " . t ’ ‘ . :%3
Lu dnd Alford (1971) identified the 9/2” [514] orbital as a low-. c‘
Iyigg'ﬁole stete, and the present reselts arelconsistent with this o ﬁ;
descriptiop: The bané is expebted to mix stronély with other.orbitals : ‘:V
originating’ from. the h shell model state. Wlth this mlxing taken in- = .‘.,H

11/2
to account the predlcted etrength of the 11/2 member agrees very well oo . ;:

. . ‘
t ety
.

w;;h the experlmental.result. The 9/2 “member is too weakly populated ‘ <

.
L]

to pemit a valid comparison with the ﬁodel predittion.
. '+ * . v' s .‘ . ,
. The 1/2 [411] band is ‘strongly decoupled, with the order.of.'the

.

+ coot .
172 and 3/2 -members inverted. Previous work indicates an energy

separation of 7 keV between these members,.which is less'phan.the peak

- .

widthe in the present experiments. They axe therefore expected to form’

. . + ) . o
~an unresolved doublet with the 3/2 member dominant.. A peak is observed .

Ny
T

>
%,

at an'energy between the adopted,epergies‘for these levels and its. .

.

. -
H1 ™
3

W
T

: analyzlng power is consistent with tlve DWBA predlctlon for I = 3/2

2 L N,
P
2

Its cross sect;on however, is only 65% qf the sum of the predlcted

>

bl 1)
2 Aoes &

.

CrOSS sectlons. The 5/2 and 7/2 members of the band are al€, eXpected ;

. .

to be inverted and unresolved, although the lattgr has not been preVious;y

v ; V.):
S ER

—sﬂ...‘

x4

.
AR

¢ weses
2oy N
£ o
=

i

assigned. Again, a beak is .observed which, could ¢orrespond to a doublet

s ?
kr r.
e

8Ll

o s va v Fh
v

Co . il + ‘ . . ..o . :
with a Yominant I = 5/2 member, but its cross section is 2.2 times the

{
>, .
,.v‘:,;ig <

.
.

=

~. [ h ! T
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* crepancy.

. b ’ . + .
the 3/2 3/27(402] state. The Nilsson'model predicts the 7,/2%[404)

di¢tions is not meaningful. T

.92 s

. +
sum of the calculated cross sections: All but the 1/2 member are

. ‘ ‘ C .
predicted to mix strongly with members of the 3/2 [402] band originr-

-

étiﬁg from the samg d shell model state. Aithough_thé total strength

3/2 '
in the band is si@ilar to that preé;ctga, tp; distribution i§ difierentt,
It has got yet beeg gossible to'pro&%de an explanation fqr.this diéf

it has been’shownliéﬁ apd Alford 1971) that the 3/2+[402ilér5ital- . 7
is a particle state lying_wel}’above the Fermixsurface,eso'ig is_pot'
equcﬁed to,be_strongly pgpulated iﬁ é.piékép.ieaétiog.~nLevels,are

observed within-2 keV of the two known members of this band, but the N

strength for the level at 771 keV is much toq'large to be due salely to

)

~

orbital to occutr ag a lsw—lying héIe state in the Re isotopes, and éhe -t
bandhead shdh;d be st;ohgly bbpulated by a p;oton pickup‘xeaEtion. : t .Q R E%
The =771 Kev group has val;es of Ay which'ane.iq bettér'aéreément with a ' g}

L0 . : A
spin of.7/2+'than with G/Zf SO @t has been intérppeted as a_dbublet with - ' ﬁ%

the major contribution coming, from the 7/2 7/2 '[404] state. With this

assignment, the total predicted cross section agrees well with that ob-

served. The cross secfion angulér distribution of the doublet does not .
- - " - \

LN . . . . ] +
decrease as rapidly at forward angles as would be expécted-for In = 7/2 ;

L : L : + ' oyt .
this may be part;y due to the }/2 component, but 7/2 states assigned

. 189 e N .

in Re show similar distributions. S
. ‘ . ’ ’ + ‘ * i ‘% "

The 11/2 {505} and 1/2 [541] negative-parity particle orbitals

were tentatively.assigned by Lu and Alford (lQ?lY.( These are only weakly

populated'in the present experiments, so a cogparison with model pre-

Py




A second ééronély po@ulated 1172 séa;e has been idént;fiéd
a£*l790 keV, and is assigned tojthe 7/2 [523) r;tatlonal band as this 1s
thé next Nilsson hole state originatin? gfém the gil/? shéll. Since
the'theoretical angular distributions of cross,sectiohs for =5 éo not o
g agree well with experlwegt the very good agreeéent bet&een theoretlcal . .fj;
Y ' and expevlmental strengths for’ both the 11/2 9/2 [514] and 11/2: 7/2 [523] ;;%‘
. states .is somewhat forFultlous.: Nonetheless, the good agreement of ¢
réiative'crgss/secpioPs shoﬁs tha£ Corlolls coupllng can account for the .
distribution. of strength, § ‘_ T e - e .'?f?
_ . N . N - 3
/&Qx | . Since the model used in the presant work-does not take into E;
aQCOunﬁ the possibility pf,vibrgtiongl excitations, itais ﬁgt possiblg‘éo
compare pre;;cted égrengths‘&rth those observed for quasipaiticle—
. vibraéion mixed states'populated by:the (t,a) reaction. It is, hqﬁever, v' ;i?
. of some interest to. indicate which sfa;es of this tyée have been populagea. i&
. » The 1/2+}and é{é+ members of the pre§iousl§:identified band.bas;d on the : J%%
K ‘ : T

'{1/2+[400] + S/2+[402],2+} state are observed‘at 512 and 589 seV. The ‘ 2%

Y + i . . . NI :
3/2 bandhead of the KO—Z gamma vibrational band based on the 1/2 (411) &
state_ié seen at 865 kav. This vibrational band is expected to conﬁain' &

- . s - g . ‘ . ] . : . ' "k:f.
a significant admixture of the 3/2 [411] single proton state {Malov et al. .
. . . . . . .o s
1969) , which is characterized by a large spectroscopic strength to the ey
- = 5/2 rotational member. A" level at 979 kev has been tentatively ' }ﬁ
X W - L ¥ N S ‘ gt
assigned I = 5/2 , and a 5/2{3/2'[41}] F1/2 {411{,2 } %nterprgtatlon . -§§
. ‘ e
. ¥ L ) . R
is suggedted. Finally, there are two levels of significant strength at gﬁ
: ) , \ , W v s
1484 and 1631 keV which have been tentatively assigned I = 5/2 and ﬁi
oy ] “'3
3/2 respectlvely. No levels of these splns and lnten31t1es are pre~ :ﬁ;,
ulcted by the Nllsson model ‘at E\;s energy, but lt is apparent that . é?
. S~ By

gt Tt

o
)

IR

»
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.y . 187 ' . :
vibrational states ‘are imporbddnt in Re, and these levels may also be

due to particle-vibration coupling.

5.3 Levels in 189Re. . . h

-
’

Prior to the present study, no level assignments had .béen made

.. '18 - . . o -
in 1 9Re. The ‘rather limited information which was available has been

-
.

_ . . i ‘ . - .
‘outlined in Chapter l'. Using the results of the.(t,u) and (t,0) experi-

ments, it has been ‘possible to make a number of I assignments and several

Nilsson model assignments. Experimental and theoretical”unpolarized

v !

cross sections and nuclear structure factors are compared in Table 6.

The level energies, rotational parameters and decoupling parameters

.

used in the calculations are given in Table 10; the eneggies cérrespond
quite closely to the experimental values.

On the bésis of its angular distributions, the ground state of

. + » ’ . ]
l89Re is assigned I"‘? 5/2°, which is consistent with the observed lecg ft

- -
N .

&alue for decay to'18905 (Lewis '1974). It is interpreted as ‘the 5/2+[402]

bandhead,* which is ‘found to he tﬁegroundstate in the lighter isotopes. The *’

:calculaﬁeﬂ strength of this state is slightly less than observed, .but in

. »

view of the éensitiv;ty of the ground state cross section to the posi- «
, . . ) . .
tion of the 'Fermi-surface, the agreement 'is quite good, There are weakly

. , o , ’ ' o B
populated levels at 125 and 146 keV, either of which could be 7/2 on .

the basis of their distributions. A more reasonable level spacing ig

found if.the‘7/2 5/2+(4021.state is assigned to the 146 keV level.

s - A stronély populated'll/z— state at 303 keV is assigned to the

_‘ . . > "
9/2 [514] band. ' In the (t,ua) spectra, it was not’ resolved from a much

weaker level at 279 'keV, but the total cross section for the doublet is

-

ry
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. Table 10 °
' 189

Comparison of experimenﬁal and model energies for Re
. ' todel
: . Experimental, - T ’20 ¢
Orbital I encrgy (kev) Energy (kév) h™/2: (kev) a
RS _— + ' . L
. 5/2 [40C2) 5/2 o} -2 "21 : ) T

+ . . . * .
(7/2°). 146 142 . ‘ ‘ R

9/271514] | F(9/27) | 128 - 124 ‘ 22 L
: 11727 303 ' 300 - , C o o
) . . P

12t a2h . 268 : 23 -1,07 e
N 0 280 . " ' o
32" L 259 : » il
st T 88 . | -
(772" Y o "y
7727 1404)  (7/27) 697 - 696 Coa1 ) S
7/271523) 1172 1423 : . 1425 21 , e
3/2%(a021 32t sl 702 . o '
“1/2% (400 172" * U900 ¢ a1 0.41
11/27{505] 112" X . 1113 | ‘ 21
1/2 [541) 1/2 1400 2L
32t a1 32t - x . 2500 - 21
5/2 [532] 5/2° * 2501 21 ‘
3/27(sa1] © 320w Y 2982 21 . ' .

PO P,
eI T .
e S s

.
Pok)
R

{
*
oo
.
Y]
-
<134y
o

v
»
o,
o
-
ot
i
£
2,

e
ST H A
- P

5/27 [413) 5720 . w ‘ 3008 51
1/27¢s50) . 172" 0 ox o 300 - 21 -5.86
- * .

* Not experimentally assigned, but includéd in the calculation.
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slﬁgngly greater than tnL\QEeorutlcal €YOSS sectlon for the ll/~ 9/7 1514]
state. * If dhe 125 keVv level is ag3 Lgned to be the 9/2 [514) bandhuad a

very credible level spacing results. The pre ted cross SectLon for tbe

9/2 9/2~[Sl4] state is much less than what:is observed; this is dften

found to be the case for weakly populated levels and is believed. to be
. {

due to the simplicity of the structure and reaction models used.

- . . : wt .
The angular distributions for the level®at 260 k.V are 'in acccrd

with a spiﬁ éssignment of Iﬂ = 3/2+, and the level is interpreted As the Ve
3/2 l/2f[4ll] state. The l/2+ member of'éhe,l/2+[411jaband'is predicped T ' mul
to 1lie 9KeV apove the 3/2+'member, so'it seems likely that the 260 kevﬁ
peék is in fact a doublet. Sinéelthe l/Zf membex is.expected to have . 'fx‘.

+ R,
less strength than- the 3/2 member, it is reasonable that the distri- . g

.
-

c ‘ : + : - .. )
butions are compatible with ITT = 3/2 . The possibility that the unassigned 0

& e 3’\-&"5

'1evel at 279 kav is tﬂe 1/2‘1/2+[4ll] stgte'has'been considered, but . ii.
. ' | i
such a large spaciné between the two band members wbuld’be_igconsistent S zg%
) : ' -
with the situation f0una in lg?Re. The 'level at 481 keV is belig&ed ¢ " %‘3
to‘be a doubletlcontq1n}ng the 5/2 and 7/2 _members‘of ?he 1/2 1411]‘ ;zg
band, with the former state dominant. This is supported by the Yhdecaf E%?‘
. . . . : . Ry
Qésults,of Kuaranen and Ihochi (1965)., The relative .intensities and "g?
©  energy sbacing ofAthe (1/2f3/2) and the proposed (5/2,7/2) doublets are . é;g
.in very good ééreemenﬁ wiéﬁ_thbséNfouhd in.187Re; ,Unfértunately, the '3§‘

Sy o 2.
P

. . - . . + * a
481.kev.leve% was not resolved from that at 501 keVv ip the (t,a) experi-

ments, so it was not possible to obtain analyzing powers for each level.
Changes in the peak shape from one spin 6rientption to the other seenm

to' indicate that the 481 ke¢v level has a pésitive analyzing power,

supporting the assignmenpt giveh above, whilé¢ that at 501 keV has a

PR




dlCt addltaonal 11/2 states with sxgnlficant (t a)- strength at low .

N
v

.

N patn oan

' ' ) : .97

y < f
N “h . . .

negative analyzing power. * TN

The analyzing power for the complete (481,501) ksv multiglet. - - . K

? Nz

.shown in Fig. 15(a) 1s Seen to be very dlose ta zero at all angles.

. : : N T ¥
. Thiis could he explained mosk easi}y if ‘the 501 keV level had I = 3/2

Qther j=£:1/2 aééignmentslqaqnpt be dgfinitely ruled out, but the almost
coﬁplete cancellations of analyzing po&ers for the multiplet sdggesbs

the main components have the same 2-value. The angular distribution of
: e ;

- , R s

the cross section for the multipIet is consistent with £=2

The level at 6971<dV has beenAtentatlvely 1nterpreted as the
7/2 [404] bandhead. It has.a high f-value, a 3—value of 2-1/2, and its -

large;streﬁgth makes it the most likely candidate_for ¢his Nilsson

\ B TN

, ® . .
assignment. ! .
Another stron§1y poﬁulated level at 1223 keV has been‘assigned X

ot on 187 ?

= 5/2 It has a strength comparable to the 1§84 k 3V level ln " Re, . 3
'bqt the Nilsson configuration.is not'known./’,/% . ot ’ ?i
. D -~ ' ' L ) :.‘)

A second strongly populated 1r/2" state i3 observed at 1423 keV 'j

‘and is attributed to the 7/2 [523] band. Another stfongly pqpqlated S

level at'1502 keVv maf also have IF'= 11/2- although ;pis is less certaih:

+

e e
R T Y P e D e

It can be seen from Table 6 that 'the étrengths of the }1/2'9/2-[514] and *

., - ' e - -. ! ’ . M
11/2 7/2 [523] levels are ‘reproduced quite well by the cglculations. =~ .. L

The basic Nilsson model with only a quadrupole deformatxon does not pre-,

excitation energles and would thereforeé not expfaln another I ‘= 11/2

L4 y *

level at 1502 keV. However, .it will be.seen in Chaptcr VI that for

reasonable hexadecapole deformatlons the low-K oxbitals frOm the hll/z

1

3
-
s
‘et
b
o
i,

s,

shell would become"vexy closely spaced. As they would also be strongly

250 Speean
- AAEEN
LY

24
N
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-
.
.

«

mixed by the. Coriolis interaction, thé-diStribuEioq of strength would

-

‘be expected tq depend strongly upon the singlé particle énerglgs'for

these states. o . .

L4 . ’ ) v - . * ) . . .
* Finally, several other I assignments are listed in Table 6

" but there is not sufficient information availakle to justify speculation

on their nature.

5.4 Levels iq }?lRe.

2 .

No information was previously available on the nuclear structure of

. 8 : ) . . . : .
%91 9Re, the present stddy has made possible the assignment

Re. As in
o T i L ) o
of many I values and several Nilsson orbitals, Table 7 shows the experi-

mental and theoretical ¢ross sections and nuclear structure factors,

v

- while TaBle 11 gives the energies used .for the model calculations.

.

- As fb‘ the other two isotop'és, the theoretical energies are quit‘e close

. .

tq the experimental values.® Kn‘exception, however, is the bredictpd.

. + I R .4+
25 keV separation between the 5/2 and 7/2 membérs of the 1/2. [411]

. .

band; a separation this laxge would'have.reéhlted,in the peaks being

.
.

1)

resolved in the; (t,0) experiments, which they are not..

. o - ‘ 91 . '
The first interesting feature of the structure of Re is that-

w

the ground state is not the'same as that found'in all the lighter .

N . o S s . . e i + ‘ N
rhenium isotopes. Angular distributions indicate I = 3/2 for the first

obgerved peak, suggéééing that thé'1/2+[4ll] orbital forms the ground
* . \ . r /

state band in this nuglide. It is not clear.whethef the bandhead of this

.

< s + .. . . o : '
‘orbital or the 3/2 rotational member forms the ground state, as these

-

. - . ' ! ‘ . 4 Lt .
are expected to be closely spaced.. In this study, the 3/2 state is -

assumed to be at 0 keV. The possibility that.the level at 27 keV ‘is
- v . “. ". » ' | -

. . .

5 g

Cxeg e
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- Table' 11 :
. . i 3 ‘ . 19l "':'
Comparison of experimental and model energies for Re .
. . Expefimental - godel
. Orbital -1 energy {(keV) Enexrgy (keV) /2. (xev) a
+ ok S e :
/27141 - a2 gt o 12 23 ) -1.11
r - * . - .
. .
3/2 . 0
5,2% ¢ 234 !
. o227 . : o .
(7/27) - 209 |
+ + ’ .
572" 1402) _5/2 97 . 97 24
- - 2 -
9/27 [514] (9/27) - 145 . . 141 .22 )
1172 285 295 . ' R
7/2% (404) 7727 799 799 .23
7/27(523) .1l,2 1229 -, . - 1223 23
. 3727 1402) 372" K ' . 702 . 23
12 ta001 . 12" -« 901 23 0.40 , .
1727 {541) 1/2” Cow . 1600 - 3 T 4.s4 K
5/271532] s/2” % . " 1885 23 - . CE
3/27 (541] 327 - C - 2886 23 : ' Y
372" a1y 32" X 4 2400 - 23 ' g
/2715501 - C 127 - 2500 . 23 . . ~5.89 L%
s/2" (413) st , 2901 .23 B
*  Not experimentally assigned, but .included in the calculation. -f
. _ :
= - J . \'3
- P \ :é\?

..,
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the 1/2 1/2 [411] state has been ¢onsidered, but it i1s made unlikely by
the (t,a) data. The analyzing powers for the 27 kev level, determined

< . @ M ) . . .- .
according to the procedure described in section 4.2, were close to

: l + " s
zero, as would be.expected for I .'= 1/ ? , but a significant tail from the

&~

+ - ‘ : ‘ '
3/2 peak at 0 keV was present in the 27 keV gate, especially for the spin

up case. The spectra have been examined more closely by using the peak

shape of the 97 keV level to determine -the contribution of the tailgunder

. the 37 keV peak. BAlthough the uncertainties are quite large, the re-

sulting analyzing powers, shown in' Fig. 16(a), axe definitely positive.
N ' _ :
Further, a distinct- forward minimum is not observed in the cross section

angular distribution, suggesting 4 < 3. The possible aésignments for

-~
-

- + - .
the 27 keV level are therefore 3/2 ; 5/2 oxr 7/2 , but no convincing
interpretation has yet been:founa for it. It is assumed that the

1/2 l/2+[4ll] state is unresglved from the more strongly populated 3/2f

) . e _ 4
member of the band, as -in 187Re. The 5/2+ and- 7/2 members of the

-

l/2+[4ll] band are found as an unresolved.doublet at 227 keV, The

. .o + : . .
intensities of the two doublets attributed to the 1/2 [4I1] band in

19lRe agree well with the correspondinhg intensitiés.in 187Re and lnge,'

’

providing further suppoit for the assignments. 1In all three isotopes,

.+ + L ’ ‘ + +
however, the (5/2 ,7/2 ) doublet ig stronger, relative to the (1/2 ,3/2 )

.

one, than predicted. ‘ e .. C

\

The 5/2 [402} bandhead which forms the ground state in all
191

other odd—mass rhienjum isotopes, is found at 97 kov in Re. Its spectro-*
.écopic strength is in gbod agreemént with the predicted result. It

. was not possible to identify thc weakly populated 7/2 5/2 [402] state

A 7/2 state at 799 keV is lnterpreted as the 7/2 [404] bandhead As

.
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. .. 189 ‘ .
was found for the corresponding statg in Fe, the nuclear structure

A

~factor is v 70% of the predicted valle. i :
. ) TT KN
There(}s.a level at 449 keV vwhich’appears to have I = 1/2 .,

: . . o 7
. This may ke analagous to the 512 keV Vibrational state 1n_18 Re,

. ) . Lo . 1
although. the experimental strength is dbout twice as large in 19 Re.

.

: . . ' + . .
As in the other two isotopes, a strongly populated 5/2 state is observed

. . ) N
- above 1 MeV in excitation, \n'thls case at 1145 kz2V. Another 5/2 .

sgéte is observed at 1937 keV. No interpretations are presented forxr

thése.leveis, but it is quite possible that they result from particle-

vibrational, coupling.

_If the states originating from the h shell model state dis-~

11/2
. , . 189 Lo .
plaved some unusual properties in Re, it appears to be an even greater

191

challenge to-explain their behaviour in. ~~Re. The 11/2 9/27 (5141

"state at 285k 2V is populated very strongly withh the (t,a) reaction. ) e

"The observed nuclear structure factor is 2.7, which is‘significantly-lhrgeg

than the calculated value of 1.64. A second l1/2 staté, ‘found at -

1229°keV, also has a large striugth and has been assigned 11,2 7,27 [523]

in analogy Qith l87Re and 189Re.' (It is to be realized, of coursé, fhat
j

these states would be strongly mixed and the Nilsson quantum numbers . T

LY
\

agé at pest an indication o§ the main §§mixtu£e.) ’Therc‘is another

léyel:at l3é7ﬂkev which has also‘beén tentativeiy assigned I'TT = 11/2"
Npﬂe of the-gor;olis cqupliné galculations'which were.performed‘uging.
~only a quadfupoie defofmétioh-in the Nilséén potentiai.have.been able
to rép;oduce the obsérved ;trenéths for thesé‘il/2~ states. Attempts
to explain the experiﬁgntal résults with the indIUSiop.of a hexadecé—‘

. o ! . R .
pole term in the defdrmation are described in the next chapter.
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CHAPTER VI
LEVEL‘SYSTEMATICS AND THE EFFECTS OF

HEXADECAPOLE DEFORMATIONS | -

]

In Chapter II, several theoretigal'caHFulations of equilibrium

quadrﬁpole ahd hexadecapole deformations were briefly described. The

.

results of those gi;:jijfiqns for the W, Re and Os isctopes with A Vv 190 . K

are given in Table M7 TIn general, the trend is for both €, and €, to o o

decrease with increasing mass. The hexadecapole deformation is
0.04 <'€4,§ 0.09 for all the nuclei shown. It should also be noted that: -

- s
.

the calculations of Nielsen and Bunker (1975) indicate ‘an appreciable ,' p

variation in deformation for different Nilsson orbitals in the samé ﬂ?
: Ca g Lo 188 X
nucleus. Gotz et al. (1972) found that if €, were neglected, Os was e
N L ‘ o IR o £
predicted to be oblate . Taking the hexadecapole deformation into account, ;%;
. S g . .. 194 . AT

. the transition from prolate to obl did not occur until Os. The =1
, . Y92 . : RS
deformation energy. of .0Os was piedicted o be nearly 'independent of & i
Y; this gives level energies for 'the firstftwo 2- states and the first 234
+ o . R * "-";:
4 wvibrational state which are consistent with experimental xesults s
. o . .. -

" (Lederexr ex al, 1967). -~ No equilibrium triaxial shapes were predicted o
: ' . : . ' ol

for any of the nuclei listed in Table 12.- ~ , . - ERC
. . . . + T
Experimental measurements of deformation parameters are ndt as ,§§

- i . K
. . . . . ° y ot
numerous as theoretical results. In general, two different techniques ;ﬁg
‘ . . ok

. " . : . g

have been used: Coulomb excitation and inelastic sgattering, usually of oY
. . R

. g ? ' . KRN

alpha particles. Analysis of the results of the former: type of experi- .‘2 A
L ) R g Y\}.z;.‘e
. ® . . N

. - . . . . <&
ment gives the shape of the Coulomb field, while the second ygives the . jﬁ§
' o C g

. vy



: 103
Table 12

Equilibrium nuclear deformations in the A%lﬁoﬁregion
Id . . .

Reference Nucleus A State 82 64
C ' - 185 .
Theory: . I.-L. Lamm (1969) Re g.s. 0.207 0.058
S.G. Nilsson et al(l969)186w g.s. 0.195  0.060~
' T 188 . : T
. W g.s. 0.170 -0.060
188, g's.  "0.175 0.055
19005 g.s. 0.160  0.050 K
19205 g.s. . 0.140 0.050
. " ' e . o
Gotz et al.(1972) }8§w . g.s. 0.20 0.09 ’
- 188w g.s. 0.18 0.08
,1880s g.s, 0.18 0.08
« 1904 " g.s. *0.16  0.06 .
192, . g.s. 0.1% 0.04
. : 185 T
Neilson & Bunker (1975) . Re 5/2 [402] © 0.213 0.067

.

9/27(514] - 0.212  0.064

12714111 0.205  0.060

. 11/27(505}  0.202  0.057

- ' " 1/27(541]  0.227 . 0.064
¥87pe  ss2%1do2]  0.200 0.067 -

. 9/27[514) 0.197 0.064

» as2%[ai1] 0.190. 0.060

) 11/27[503) . 0.187 0.057

. 1/27(541] 0.207 © 0.064

Experiment: lLee et al.(l974)% 186, . g.s.bl 0.16  0.07 .
o L . . 188 - U - g
Baker et al.(1976)* Os . g.s.b. . 0.14 0,025 . .
' " ' POs  g.s.be 0.14 - B
19266 g.s.bs 0.12  0.02 B
, ' 187 ' ' . ow
Bernthal et al.(1974) 08 " 0.19. v 0.06 - .

!

/ . : . : N

| o _ , .

* ‘Parameters scdled according to ‘Hendrie. (1973) procedure.
* . . ‘ . . [N "
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’ -

shapelof the nuclgar'field. ﬁhen goth methods haye been used .on the same\\;
;‘ndcleus,-the Coulomb deformafion parameters have.congisteﬁtly.been larger

than the nuclear parameters.. The difference may be eliminated or signi}i-

cantly reduced by applying a scaliné‘proéedure to the results'obta;ned by ‘ f

inelastic scattering.  Hendrie (1973) .describes this procedure and

provides a simple justification for it. Results from (a,a') experiments .

on 8% (Lee et al. 1974) and on 188,190,192, (zaker et al. 1978) are

.given in Table 12; these parameters have been scaled'usiné Hendrie's

v

prescription. The experimental quadrupole deformation parameters are

all slightly less”than predicted, as are the values of 84.for 18805

192 o . c
and ,9 Os. There'is, however, considerable uncertainty in the-hexade-

papolé parémeters, and-Baxér et al. (197e) claim’oqu to have shown fhat "

€, > 0 for the osmium isotopes. B ' ' ‘ o

. ..

Bernthal et al. (1974) used the perturbed band sprﬁcture in 18705

@*
Y L0
RSN

of neutron stétés originating from-the 113/2 shell model\éfate to esti-

T

4 Must be less S .

‘»

mate the hexadecapole deformation. They found:that €

*
o
L

R
T APl w2

than %'0.0g.fpr the predicted band strupture'to agree with experiment.

.

-

In a study of odd-A tungsten i'sotopes using neutron pickup reactions

&
.
‘

%,
&

.

(Kleinheinz et al. 1973),it was found that a deformation of 84 % 0.06.

.

was needed to interpret the'resulting spectra.

e

For the present sgtudy, single particle qnérgies'havé'heeh

calculated using the éompuéer'pgogram NILS, due originally to Bjoxn
(3 ‘ . g .o . .

Nilsson. The results of the calculations, for €, =0 and €y = 0.06,

with 0.10 < EZ < 0.20, are shawl in Fig. 18. Again .the values used for the.‘

potential well parameters were K = 0.062 and iy = 0:614, adopted from

.




_ 105
. -€,2 0.0 £,7 0.06
a3 ) - . .

a2 2 [s00) RNy
. vz 'fa02) 2 (402]
- —~ La {sa1) 127(50%5])
L s -  -W27(50s] .
Q .
=
40 - Y7514 S2°(202)
3 %2*[4c2) 9 z‘fs'u: )
.o : 2'fan] T2°(304],
“’:’ 39 = T2*{a04) , ,
. 2 (anr )
1 we (s23) ’ .
_ y2(s23)
s/27(832) P
38~ Y2t (4n) ?ﬁ-ﬁ,”]
. {5502
' 32*(413] Y2541}
37 - Y2 [sa1] Y2 fan)
2530} 2 (43]
'raed) 1£2*(420]
36 ' . vetaed ’ Yz-{aze]
A | ! . ! - 1 | 1 . 1 1 1 I - 1 - 1
’ C10, 012 €14 018 0118 020 010 012 014 016 O0.18 ¢ 20
' . & . €

Figure 18. Energy level diagrams-for proton states, 50<Z<82, and'
. 0. lO<£2<0 20. The scheme ‘on the left is for no hexadé capole deform—
. ation; that. on the right is for € =0.06. The circled ‘numbers refer
to the number of protons required to fill the enetgy levels to that
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RO

9 3

.

. - '3

Nilsson et 'al. (1969). The value of 0.06 -chosén for 54 is an approxi- R

mate average of the thecoretical values given in Table 12, .and is con- x

sistent with the experiméntal values listed there. The calculations ;
for €4 = 0 essentially reprodude part of Fig. 1. When a, hexadecapole

deformation is introduced, it can readily be seen that  significant
changes are produced in the level:-ordering. The composition of the

wavéfunctions is not, however, greatly affected by the introduction of
4

calculations were done using Cjz—vglues from the hexadecapole calculation.

0
.

an €. deformation of this magnitude., Hence no new Coriolis .coupling

Enerqgy systematics for tﬁe five odd-A rhenium isotopes from
183 e to 1?1 re are shown ‘in Fig. 19. Data for 183ce “ana lgSRe are taken
from Lu and Alfordl(l97l), &hile data for levéls in lB?Re are taken from

.Ellis (1974) where possible. Ofkparticular intexest is the rapid de-

.

crease 'in energy of the l/2+[4ll} orbital with increasing mass{'uhtil

in'lg;he it forms the ground state.” The Nilsson model without 64

deformation prédicts a crossing betweenyfhe 5/2+[402] and.the 172+[411] K ‘ .3

orbitals at a deformation of 82 N'O.IG, but it also’ indicates that the

« B

9/27£514] orbital should form the gréund state fo; deformations down to

¢ e

€, V'0.11. On the other hand, the level scheme in Fig. 18 for € = 0.06,

. . . - . - ‘- " _+ : v
correctly predigcts the ground state to be the 5/2 [402) orbital down to . p

» * + - . .
€2 v 0,12, where the 1/2 [411] orbital Becomes the ground state. Both

+ . .

level schemes in Fig. 18'show thé 7/2 [404] orbital to have approximately
ol ’ + . -

the same energy relative to, the 5/2 (402] orbital for all values of 52'_.

* B . * + ' . ¢
in agreement with .the systematics. If the 1/2 [411] orbital were shifted
. ton, . L - ' ' . ~ ‘
slightly upwards in the € = 0.06 diagram so that it intersected the

!

. £ ) oo .
5/2° [402] orbital at somewhat higher deformation, and was above the

. ¢
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+ o * ’ b} . R
7/2 [404) state for most of the range shown, agreement between this level
scheme and theé systematics shown in I'ig. 19 Wou%d be very good for the

positive parity states.

Another interesting result of including a.significant hexade-~

capole deformation is that the three lowest Nilsson'oibitals originating

»

from the hll/2 shell model state afe predicted to be'nearly degenerate

for 0.10 < g, < 0.20. -This is quite a general result for orbitals origina-

2

ting from high-j ghell model states, and a simple physical explanation

has Béen provided by Kleirtheinz et al. (1973). A particle in a low-Q
Qrb;tal'ténds Fo travel about a prolate nucleus in a polar oxbit,.
nwhereas one in a higﬁ—Q orbit;l travels in an equatorial orbit. For a
pure gﬁad¥upcle deformation, the majbr axis of the orbit decreases fairly
smoothly with incrgasihg Q,'cérresponding #o an increasiné harmonic,
ogciliatog constant W, Hence the QibiEals originating from a single sheil
ﬁodgl state are spread out iﬁ energy as shown iﬁ Fiét 1. When a hexade;

_capole component of €, ™~ 0.08 is introduced, the shape Sf the nuclear

4 , ) .

potgntial'changes as shown in Fig. 2; the major axes of the orbits of
- . - . ~ '
the lowest two or three orbitals become nearly the same, and thus the

-

orbitals are approximately.degenerate. Whereas the I“4= 11/2— strength
5 : ! .

and its Qigtribution for 187Re could be described quite"weli by the Cogioiis

‘mixiné'calculations,‘it is recalled that anomalous behaviour‘for

T 189

- & ; ' 191 .
I = 11/2 states was observed in Re and Re. -There are five

.

Nilsson orbitals frbm the h11/2 shell which would be:'expected to lie

below the Fermi surface and thus pﬁe nuclear structure factors, for the
11/2" states at all excitation energies should sum to Vv 5°in the present’

.

‘proton pick-up feaction.ﬁ.Using the basic Nilsson model with‘E4 = 0

R B

£y

-

oat
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it is seen from Fig. 18 that two of these five orbitals might be ex~
pected as hole states in, the first 1-2 MeV of excitation. The sum of

‘ : <o . 187 .
the nuclear structure factors for 11/2 states in Re is £ 2,7, which
appears to be a reasonable value considering that some of the strength

from the deeper hole states will be brought to lower excitation energies

4
\ .

by the Coriolis mixing. However, the corresponding sums of ;1/2_ strengths

4
" in lnge and l"91Re are v 3.4 and 4.5, respectively, indicating at least

in the latter case; that most of the éxpected hole state ll/2~ strength

is found at < 1.4 MeV in excitation energy. One carn attempt to explain

o

this behaviour qualitatively by invoking €, deformations. for these

4
' isotopes which, as shown in Fig. 18, would tend to group the 7/2 [523],
5/27[532), 3/27[541) and 1/27 (550] orbitals together and.also bring

them close}.to"the ground state. This tendency should be mére pronounced

for the smaller quadripole deformations {e.g. €2 v 0.12) ekpected for

~

. heavier isotopes. The large Coriolis matrix elements toupling these

states could then resul# in very complicated distortions of Bpp rotational

—~

Bands, depending on the energy spacings of the unperturbed states.

an ’

Therefore the overall trend‘of the ll/2~ strength does not appear to be
a - . USRI -5 I : :
unreasonable as the total strength of v 4.5 in lRe is consistent with.

this explanation. However, some of the details cannot easily be re-

-

produged. In particular, Coriolis mixing calculations were unable to

\
-

Bl .

duplicate the -experimental value of 2.7 for the nuclear structure factox

191ce. _All combinations of single’

of the lowest 11/2_ siate observed in
particle energies yielding reasonable peftggbed eneréigs gave nuclear
structure factors less than v 2.0.
p :

An alterndtive approach - to explaining the behaviour of these levels

Y

-t
Fu e TS5 0w

e

T
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would he to invoke different deformations for various excited states

than for the ground state. In the region of rapidly changing deformation

s

near A v 150 there are several known cases where states with quite

Jdifferent guadrupole deformations co-exist at low excitations. Although

4

the deformation is- not changing as rapidly in the A » 190 region, the

o

possibility of similar effects.exists. For example, the 285 keV level

in 'R, which has been interpreted as 11/2 9/2 [514], could be a spheri-

11/2 strengtli. On the basis

cal state having a large fraction of the h
»
of the data presently available, there is no.good way to distinguish |,
hetween these possible interpretations. This is becayse‘the Coriolis .
mixing usually produees a distribution of strengths which is very similar
to that expected an the 5asis of a spherical shell model with some
residual interactions.’
s .
In order to determine whether the experimental results could be

interpreted more'easily if other values of.€, were considered, calcu-

4
lations wére alsec done for 64 = 0.03, 0.05, 6.07 and 0.09. The resulting
level séhemes for €, = 0.05 and 0.07 were sufficiently similar to,those’
for €, = 0.06 that all three could be consiéered‘acceptable. Howe

4

the predicted level orderings fox €, = 0.03 and 0.09 were in significaﬁtly

4

poorer agreement with .the experimental results. As might be expected, the

level scheme £ 84

= 0.03 was midway between those 'shown for 84 = 0.0C

and 54 = 0.06 in Fig. 18. "The rhenium ground state was incorrectly pre-

dicted to be'the‘é/Z-[Sldl orbital for nearly the full range of quadrupolé

< 0.20). The level spacings of the lowest

deformatidns (again 0.10 E“EZ

>

ll/z‘state were

compressed relative to the pure‘quadrupole case, but their energies.were

three negative parity orbitals originating from the h

———— B - “
. \
\
v

-

PP S
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not sufficiently perturbed to providé as good an. explanation for the

observed behaviour of the 11/2_ states -in 191Re. The results of the ’ ‘
calculations for,c4 = 0.09 showed the l/2+[4;1] orbitai still lower.
in energy than predicted for £, = 0.96; Since this orbital was already

4

somewhat too low in the latter calculation, increasing the hexadecapole

- .

deformation'has made agreemént with experiment poorer. Also{ the spaéing
between the 5/2+{40é] and the 9727 [514] o;b;tals wasg pred;ctéd to be
considerably larger than observed. And finally, thé lowest three neqative
parity orbi£alshwére brought very close to the 7/2° [523] orbital fqr the full ':
range of quadrupole deformation. This would lead to another 11/2- st;?%‘ .
béing observed at lay excitatiOn in 187Re, and .a different distribution

of sérengths from what is observed would result.  Thus, neither the

= 0.09 provides as good an |,

4

calculation for £, = 0.03 nor that for'e:4

explanation of the data as that for 84 = 0.06.

-

1 onT
.

FYa



CHAPTER VII
SUMMARY AND CONCLUSIONS

. ' SR . 187 18 ' ]
The nuclear structures of ‘the transitional nuclei Re, ?Re

and 191Re have been studied using the (t,®) proton pick-up reaction.

¢ ! N ) & - . 2 . + : K]
Excitation energies were detérmined using unpolarized tritons on thifl ,
v . . ? J .

. osmium targets. Angular distributions of analyzing pewers and cross
segtions were obtained using polarized tritons on thicker targets. It
was possible to reproduce ‘the eﬁperimeﬁtal analyzing powers for known

. 187 i “ . . )
levels in . Re.very well w1th a.dastortedrwave calculation. The

angular dmstrlbutlons observed for unpolarlzed Cross sect;ons were also
" well reproduced for &= 0 and 2, and qualitative agreement was found for

2;4 and SH By comparing DVBA pfedictions‘with results for other levels

- . : ™
.2 .

in‘axl three’ rhenium isofopes, it has been possible to make many spin

' * M

and éarity assignMepts, The assigﬁments have been interpreted in terms

-~

of the Nilsson model, which, with pairing corrections and Coriolis cou-

[}

"pling included, provides quite a good descriptioﬁ of many of the levels . . -
. ohserxved>,
“ he 7/2 7/2 [404] and 11/2 7/2 [523] states have been a551gned a ' o

for the flrst time xn all three 1sotopes. No.prev1eus a551gnments had

been made for 189Re and IS}R ' the' Qresent study has assmgned the .. ’ B

. 3/2 [402], 9/2 [514] and 1/2 [411] Orbltals in tHese msotopes. Many

-

,add;tlonal l assmgnments have been made to levels which have not been . )

" amenable ﬁo_interpretat;on in terxms,of the simpie theoretical modél of
the nucleus which was used. A number of these are believed to result

W v

. v
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fe g gn
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'
from particle-vibration coupling. - '

+.
The distribution of strength to members of the 1/2 [411]

rotational band was.similar in all three isotopes, and,is not consistent

°

with Nils'son model predictions, Similar anomalies in this band have

also been observed in'lGlHo and 163Ho (Panar et al. 1977) and in lGS&m . ¢

. {Cheung gE_gi.'l974), but no good explanatfon has yet been proposed.
. i
Several -aspects of the observed rhenium systematics are better
accounted for by adding a"hexadecapole component to the nuclear poten~
tial. The ground state in all odd~A rhenium isotopes-up to A=189 is |
191 -, N + . :
Re it was found to,be 1/2 [411l]. A single particle .
. I v R

energy level schéme calculated as§uming only a quadrupole deformation .

" 5/2714202]; in

predicts a 9/2  [514] ground state down to, small deformations, whereas a

. ] - * - . + .
calculation with €, = 0.06 correctly predicts a 5/2 [402] ground state,
. + ' ' ' - *
yielding to.the 1/2 [41ll} orbital at 82 = 0.12. More and more l11/2 ;
. 5 . i . ' 187
strength is observed.below vV 2 MeV excitation as one goes from Re .

u_to_lgéRec This also is not expecfed if the nﬁélear potential has only_

a quaé;upole deformation. A_hexadqéabole deformation, however, brings

low-} negative parity states down in excitation, resulting in increased

mixing and hence'more'll/z_‘strength at low exgitations. _&t has nof

béen poséible to reproduce the distribution of strength among qbserved
L ’ '. - N ._ - R . T . \ - - .-
11/2 states in lglRe with Coriolis mixing calculations. Further work ~

~

is required before this discrepancy can be 'understood. Calculations .

using other values of &, indicate that-the data are best described by

»

assuming a value of_e4

= 0.06 + 0.01l., No clear evidence was found

.

for an equilibrium asymmetric nuclear shape.

More about' the structure 6f these nuclei might be learned when .

a
3



-with the (t,a) é%oss_sections presented here could make new assign-

o

o 9l e o . .
_Gamma~ray studies of 1 Re,are difficult because of its position

L ) : 114
\

= ]

/.

S

. ' . , 3 . :
a facility becomes available which i35 suitable for doing (d,He) experi-

ments on osmium targets. Angular distributions and cross section ratios
. " .

ments rossible. The early y-decay study of l89Re by Kuaranen and Ihochi

. 2
(1963) used the (n,0) reaction with 14 MeV. neutrons on a target of 19 Os

to prodice 189w. This was chemically separated and its decéy studied

with sodium iodide detectors. This experiment ¢ould now be repeated,

using higher-resclution detectors and better coincidence electronics to

1.89Re

improve the data, and to further elucidatq the level structuyre -of

-

far to the rigﬁt of the line of .stability in the chart of ‘*the

nuclides. - . L

-

. . . . -
. These expgfimepts represent the first time the (t,d) reaction has

beén’used to study deformed nuclei. The large and distinc;ive.analyzing
poWers_which Jgié ébtaiAea clearly show th;t ;he teéhniq&e is a very(
useful oge_for,nuclear épectroscopy in tge deformed rare earth region.
It is agpérént that ?he low values of-Ay found in the w(g,b) expefi—

ments of Castén et al. (1l973b) are not a general property of single

particle transfer reactions on rare-earth deformed nuclei. There are

'stiil many héavy deformed nuclei which can. be studied using the (t,ua)

-

-The results of 'this work show that in such cases (elg.

reaction and for which no nuclear structure information cxists at present.

lglRé} the (t,q)

_réaction is far more useful ‘when the triton beam is polarized. The only

lTimitation, and it ‘is a.rather severe one at preﬁent, is the'very re-
\
stricted availability of a beam of palarigzed tritons.
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